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Executive Summary

Energy sources are becoming increagyy difficult to find. Team 11, Rinnova, has a strong desire to
reduce dependence on fossil fuels and to be stewards of the environnmiEmese lofty goals demand

action on both large and small scalgs. f @AYy [/ 2ff S3SQa 5AYyA\WHIpnS DA OS &
waste vegetable oi{WVO)each month as they prepare many popular food®innova has designed a

process to convert this waste oil into a diesel fuel substitute that can run in any diesel ertiee.

Energy Office of Michigan has provide#@D00 grant for the purposes of developing this process and to

help educate the community about the possibilities associated with-8i@sel" and other alternative

energy sourcesRinnova has also borrowed extensively from research and experimentatidaccaut

by many other laboratories and individuals all around the world.

The creation of biodiesel requires a combination of-prE@tment and filtration, two chemical reactions,
and final purification.The oil is first loaded (by use of a pump) throaghinline filter and into the main
reactor vessel.The filtration system removes all unwanted peles and water from thavVvVQ Next,
vacuum distillation is used to draw off any water remaining in the oil which would otherwise interfere
with the converon process. Heating and mixing then stimulates chemical reactions with the WVO
and methanol. The first reactioan esterificationreactionwith an acid catalystconverts the Free Fatty
Acids in the oil to biodiesel. The second react@nransgerification reactionwith a base catalyst
convers the rest of theoil into biodiesel. After each reaction, vacuum distillation is used to draw off
any excess methanol which can then be used in subsequent reac#obgproductof these reactions is
glycerol, which is drained off the bottom of the reactor after each reactido.ensure a high qualignd
product, mostunwanted reactantsare removed from the biodiesel by water washinyater is mixed in
with the biodiesel briefly and settles to the hoim. When the water is drained, most of these reactants
drain with it, leaving a fairly clean biodies@.polisher (a polymer adsorbent called Amb&r)yremoves

any small amounts of remaining impuritie&. high quality, clean, and usable fuel is progi.
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1. Introduction

1.1.  Problem Statement

Energy sources are becoming increasingly difficult to find. One part of the solution is biofuels. In
particular, biodieselcan be createdrom what many maysee as nothing more than waste. One such

waste is a product of cooking. alZin College Dining Services currently produces approximately 500

gallons of waste vegetable oil (WVO) each month. Currently, Calvin College is paying an outside service

to dispcse of this oil. Analternative option is to develop a system to convert some of this waste oil into

a usable biodiesel, thus reducing cost to Calvin as well as producirfyy $dtmA y 3 dza S F dzf @ WA Y

wasto develop such a system

1.2.  Objectives

The primaryobjective of Rinnova wagto design and prototype a batch reactor to convert waste
vegetable oil from the Calvin College dining halls into usable diesel fuel substiutehermore, this
group educateal the broader community (Calvin College, Local Schaoid Local Businesses) about

biodiesel and its benefits.

1.3. Scope

Rinnova placed several restrictions on what the system waoltbmplish For the purposes of this
project, only WVO from Calvin College Dining Services was used. That meant that pureleegetas

not used beyond initial lab testing. Using pure vegetable oil for feedstock dramatically increases the
cost of the biodiesel and raises issues of sustainability. Although there are many other sources of WVO,
this group only dealt with WVO thatomes from Calvin College since there was more than enough
produced by Calvin for the system. At most, batch size will be 55 gallons. Greater sizes would have
demanded significantly greater costs and possibly greater complexity. Furthermore largamsyst
presented greater safety concerns. Finally, this group did not plan to do anything more with the waste
products of the reaction beyond ensuring they are properly disposed. Although there are many

potential uses for these products, the focus of thisup was the production of biodiesel.
2. Design Considerations

2.1. End User
For the system to be useful to the end user, it had to fulfill several requirements. Most importantly, it

had to be completely safe to operate and should not put the operator at risktail® of the safety

e



requirements can be found in the Secti@ Another key area to address was ease of use. The
operation of the system must not be difficult and the operator must not have to be there throughout
much of theprocessg since much time is spent waiting for the oil to heat up, the reactions to proceed,
etc. This can be accomplished through a variety of temperature and timing controls. Detailed

instructions for operation with safety, troubleshooting, and mamdece sections are included.

The Renewable Energy Organization (REO) at Calvin College was initially considering modifying a diesel
powered, 12 passenger van to operate on Biodiesel. Thewamd be used as a shuttle for
transportation between the Calvi# 6y SR Df Sy ht1a ! LI NIYSyda FyR /|
approved by the Calvin administration and successfully converted by REO, the van would commence
operation for the fall semester of 2008. REO would then take over biodiesel production for the van

Unfortunately, this project is currently on hold due to lack of space on campus to make the biodiesel.
2.2.  Chemistry Overview and Experimental Results

2.2.1. Chemical Process Overview

Typically, Waste Vegetable Oil (WVO) is a mixture predominately composed of, dienoi-glycerides

but also has free fatty acids (FFAs), water and some impurities. Biodiesel production tumerihe

di- and triglycerides into esters and glycerol via a catalyst and an alcohol, typically methanol, through

transesterificatiorreaction. For example, a{glyceride reaction

Base

OH
o

L Catalgt R
R
© 3 HC-O

(@)

+ 3 HC—OH - - OH
O/U\R OH

triglyceride methanol glycerol methyl ester

(biodiesel)

R

Figure2-1: Transesterification of a Triglyceride with Methanol

In Figure2-1, the R group on botlthe triglyceride and the methyl ester is a long chain of hydrocarpons
typically the carbon chain is between sixteen and twenty carbons Idrige methyl ester is the desired

product, biodiesel. Base catalysts usually give higher yields and shorterorediaties than acid
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catalysts. Glycerol is a highly polar hydrocarbon; it will form a distinct phase that is dense and sinks to

the bottom of the reaction vessel. This glycerol can be mechanically separated after a period of settling.

If there is any wier in the WVO feed stock, the reaction will not proceed to completion and the
product will tend to emulsify. This poses a design problem in that the WVO must contain very little (less
than 1%) water. The water can be removed by gravity separatiorjalisti, or with an adsorbent such

as silica gel. Removing the water is not the only challenge; many WVO feed stocks contain between 5
15% (by wt) free fatty acids, which are carboxylic acids with long hydrocarbon chains. If the FFAs are not
removed whenthe base catalyst is introduced, the inorganic nucleophile will replace the hydrogen on
the OH group of the FEAesulting in the production of soap This undesired reaction is eall
saponification. The chemisttiat is proposed by this report necesdesan esterification of the FFAs in

a pretreatment reaction

0 0
/U\ acid catalyst J_I\
HO R +  HC—OH —_— H0 + HyC-O R
Free Fatty Acid Methanol Water Methyl Ester
(biodiesel)

Figure2-29 3 G SNATAOLF GA2y 2F CC! Qa (2 aSikKat

Methanol is used in the presence of acid catalyst for this reaction The products arevater and
methyl esters (biodiesel). This pretreatment serves two purposeseduces the chance of the
saponification of FFAs in the base catalyzed transesterification reaction and turns these unwanted
species in the WVO feed stock into fuel. The pewbis that there is undesired water formation which
inhibits the reaction. This water that is formed must again be separated by one of the methods

previously mentioned.

There are some additional considerations that help to eliminate unwanted side readiod improve
yield. Typically WVO comes from grease fryers, so it is not uncommon for the feed stock to contain
flour, cornmeal, food particulates, solids and various animal fats. Therefore a robust filtering process
will help to rid the WVO from unwaed particulates. The animal fats are typically ssolid and high in
FFAs, but they can be converted into fuel during the esterification reaction. If the WVO is gently heated,

the animal fat will melt and pass through the filter that separates thelqmiticulates.

°
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2.2.2. Insights Gained from Experimentation

Priorto running a largd OF € § SELISNAYSyYy G GKFG FLIWINREAYFGSR GKS
smallscale tests were run in the laboratory to determine the reproducibility of making biodiesel fo

given chemical procedure. Multiple tests were conducted by varying certain experimental parameters

from which the following conclusions were drawn:

2.2.2.1.FFA Content

Many experimental procedures require the producer to determine the composition of each batest

oil for approximating the amount of reactants needed to push the reaction forward. As finding an
appropriate FFA value for each test batch can be cumbersome, a valug%fwas assumed based on

the experimental procedures given by other biodiegroducers. Although the true value may vary

FNRY (GKA& | LILINRBEAYIGA2YS | tFNBS SEOSaa 2F YSiOKLy

into methyl esters.

2.2.2.2.GlycerolRemoval

The glycerol is even more viscose and sticky. It has the consisteocgreater than honey. When the

glycerol is being drawn through the separatory funnel with crude biodiesel above it, the angle of the

funnel made a difference in the separation. If the angle was too wide the bulk of the glycerol would

pass through, bt there would still be some left on the sides of the funnel when the crude biodiesel
683y (G2 LI &aa GKNRIAK® 2KSy GKS Fy3aftsS 2F (GKS Tdzy

2.2.2.3 Filtering

Based on laboratory observations the viscosity of the ViBA@ry high. It was very difficult to get the oil

to pass through the lab filters, coffee filter and even paper towel at room temperature. Vacuum
filtration helps, but the best method is to heat the oil before filtering. Heating not only melts angiard
animal fats but it lowers the viscosity. The oil seemed to filter very well at 60°C and this is

recommended for the final design.

2.2.2.4.Mixing

The first experiments were conducted in 100 mL quantities in glass Erlenmeyer flasks. In general, the
majority of these experiments were not successful. Soap, the product of an incomplete reaction, was
present in large quantities in almost every mixture produced by this method. The quality gifytiezol
present at the end of the baseatalyzed reaction did not dicate that the reactions went very well

either. Instead of being dark and viscous, tjigcerolwas usually lightecolored and thin at room

N



temperature. The mixture was stirred with a magnetic stirrer for the specifiedgiand temperatures

given in ApendixB. In latter experiments, the quantity was increased to a 1L batch and was stirred
GAGK Fy FIAGEG2NI NHzyyAy3 Fid mnnn NLIYQ&AO® ¢tKS STT;
better for the reactions. Thelyarol was dark and viscousnd there was much less soap in the

biodiesel. Therefore an efficient mixeis recommendedo stir the vessel contents.

2.2.2.5.Methanol Content

Methanol is the key reactant needed to convert the triglycerides in the oil into methgltes Some
experiments recommend the quantity of methanol to be based on the FFA or trigly¢&@)eontents

in the oil. If theFFA or TG content is not availakdeveral estimations can be made. Since an excess of
methanol is always recommended taake the reaction go forward, the quantity of methanol added can

be increased andhe methanol can berecovered for later use. For the acid catalyzed reaction
(pretreatmenty. |y  y:2 0@ @2fdzyS ljdzZydAiide 2F YSOKIFIy2t A&
based on the assumption that the oil contain®% FFA. For the base catalyzed reactianirdmum of

a 3:1 ratio of methanotlto triglycerides is recommendedtmake biodiesel. The operatoan easily

double the methanol added to both reactions to ensietter conversion.

2.2.2.6.Temperature and Time

A number of experimental procedures give a range of temperatures and times at which to run the
biodiesel experiments. For the procedure used in this design, a temperaturé@fi8sufficient for the
acidcatajf SR NBIF OGAz2y (2 SAGSNAFe CC! Qa Ayid2 wSiket

N>

35°C)for one hour and left to stir for another howvithout heating This is done since one can assume
that the activation energy needed to bring the reacti@mfard is achieved within the first hour due to

the presence of catalyst and the heating.

For the second reaction, a reaction temperature ofG5s applied to the mixture for orend-a-half to

two hours. In the laboratory experiments, it was possildesée how the reaction was progressing by
looking at the color of the vessel contents over a period of time. The reaction begins with a creamy
yellow color. A mediurbrown color usually indicates thaglycerolis present, and this mixture will
generally gt darker towards the end of the reaction. Similar results, however, have been achieved by
heating the mixture to 68C and reducing the reaction time to one hour. Please note that the reaction

time and temperature are not independent of other experimdnparameters, as conversion is largely

a1e



based on mixing and methanol content. Changing these parameters by increasing the amount of

methanol and mixing can easily affect the reaction times and temperatures.

2.2.2.7 Catalyst

The catalyst initially used in the prateres for this experiment was highly concentraté@b% or
greater) sulfuric acid for the esterification(pretreatment) and sodium hydroxide for the
transesterification. In the final procedures, the catalyst for the base reaction was changed to potassium
hydroxide since it was faster to prepare compared with sodium hydroxide. Sodium hydroxide dissolves
very slowly in methanol and will require at least a day to prepare before it is used. The results were
highly variable when it came to determining whichtatgst was better for the final product, thus the

decision for using potassium hydroxide was based on ease of production.

2.2.2.8.Washing

A small quantity of 10% Phosphoric acid should be added to the oil pribetawvater washo prevent a
profuse formation of eap in the system. Washing water can then be added to the mixture. The water
from the first wash can be discarded, but the remainder of the wash water from subsequent washes can

be recovered for use in a later first wasMlore details on washing can beund in Sectior8.4.5
2.3.  Alternative Solutions

2.3.1. Waste Recovery/Reuse
WAYY20F Q4 o0A2RAS&aSt LINRPOSaa KFa | ydzYoSNI 2F gl ai

recovered for later use.

The first waste stream comes from theidcatalyzed(pretreatment) process. When the reaction is
complete and the product is allowed to sit, a layer of methanol will settle at the top of the mixture. This
first waste stream can be recovered by applying vacuum on the mixture and heatinghatsthe

methanol evaporates and collects in the methanol condenser.

Methanol can also be collected at the end of the base catalyzed reaction when the alcohol mixes with
the glycerol Unlike the acigtatalyzed product, however, this mixture settlestbh@ bottom rather than

to the top of the vessel. The excess methanol from the mixture can be collected in a similar imanner
which it was collected in the acithtalyzed reaction, but thglycerolwill have to be drained at the

bottom of the reactor wherexcess methanol can no longer be extracted from the waste stream.

e



The methanol collected from both reactions can be used for combining with potassium hydroxide to

make a batch of catalyst for subsequent reactions.

Anotherawastet stream that could potetially be of use as an intermediate or a raw material to making
a different set of products is thglycerol from the base catalyzed reactionGlycerolis generally
incinerated or disposed. While this project does not tap into the potential of usinglgferolin to
make a new product, there are several ways in which this waste stream can be rec@tyedrol has

some potential uses:

e Glycerolacetate (as a potential fuel additive)
¢ Hydrogen gas production

e Compost additive

¢ Citric acid production

e Cosmeic bonding agent for makeup

e Conversion to propylene glycol

e Conversion to acrolein

e Conversion to ethanol

e Conversion to epichlorhydrin, a raw material for epoxy resins.

Another waste stream which can be reused is the wash water used to clean the bioditm&kver, the
water from the first wash should not be reused. This is discafdedn a draings it is extremely murky
and contains the majority of substances that have to be removed from the biodidseh are safe to
pour down the drain The water frm the subsequent washes, however, can be recovered and reused

asthe first wash water for the nextatch of biodiesel.

2.3.2. Reactor Design Alternatives

There are several methods that are used to producedigigel and these include batgbrocessing,
continuous pocess systems, i@ processes, and supercritical processes. One of the continuous process
systems is the continuous stirred tank reactors (CSTRs). To achieve a greater extent of reaction multiple
CSTRs can be put in sermsd are varied in volume fromeactor to reactor to allow for a longer
residence times. After the initial product glycerol is decanted, the reaction in the second CSTR is quick,

with a 98% and higher completion.

~N e



A crucial element in the design of CSTR is sufficient mixing input toeetizat the composition
throughout the reactor is uniform. This increases the dispersion of glycerol product in the ester phase,

but it also increases the time required for the phase separation.

Several processes use vigorous mixing, either from pumpsnotionless mixers, to initiate the
esterificationpretreatmentreaction. Instead of allowing time for the reaction in an agitated tank, some
reactors are tubular and the reaction solution is pumped through at turbulent conditions. In this type of
reactor the reaction mixture moves througthe reactorin a continuous plug with little mixing in the

axial direction. This type of reactor is called a glow reactor (PFR); it behaves as if it were an infinite
series of small CSTRs connected together. Thdt issuicontinuous system that requires as low as 6 to

10 minutes of residence time for near completion of the reaction. The reactor is often operated at
elevated temperatures and pressures to increase reaction rate. The PFR can be staged for the decanting

of glycerol.

There are also variations of the PFR that reduce reaction times and the relative amounts of excess
methanol and catalyst. One such variation employs the use of Ultrasonic Cavitation (UC). This method
usesa piezoelectric ceramic that is eased idine inside of the PFR. The molecular structure of these
ceramics is such that the overwhelming majority of the dipole moments of the atoms in the lattice are
aligned. When the ceramic is put between a voltage difference the dipole momentsilaseguently

pulled in one direction due to the electric field and the ceramic either contracts or expands, depending
on the direction of the field relative to the orientation of the dipole moments. If the voltage has an
alternating current, the ceramic otracts and expands with the frequency of the current which causes a
vibration. The waves of the vibration propagate radially from a cylindrically shaped ceramic. The
molecules in the solution feel a force that pulls them away from each other betweesiscreThe
frequency and power density can be set, for a given solution, such that the force the molecules feel is
stronger than the intermolecular forces that hold them together. Under such conditions a vacuum
forms and there are small bubbles between thmlecules. The bubbles grow larger and larger until
they reach a point when the molecules collapse back down on each other creating a shock wave. When
this cavitation occurs the solution feels very high local pressures and temperatures, up to 10Ghdtms
5000T (Suslick 1994) This cavitation promotes mixing and the high local temperatures expedite the

reaction.
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2.3.3. Alternative Reactions

While the current reaction used by the majority of biodiesel manufacturers is satisféotopyoducing

guality biodiesel, a group of researchers from the Department of Food Science and Engineering of Jinan
University in Guangzhou, China proposed an alternative reaction for converting waste vegetable oil into
biodiesel. The reaction has masiynilarities with the standard methodology used by most producers of
biodiesel, except that the catalyst used for the esterification process is ferric sulfate. The researches
proposed that the reaction has several advantages compared with that used by Wutiesel
processes today, claiming that it is environmentally friendly due to the absence of acidic wastewater, a

high conversion of FFA to methyl esters, low equipment cost, and easy recovery of the catalyst.

The procedure for the esterification isffdrent from the standard methodologin several ways The

reaction requires a 10:1 ratio of methanol to triglycerides. For the catalystpaper recommends to

use2 wt% of the total mass of methanol and fwl the amount used This reaction is heatl to 95C

and requires no mixing since the boiling is vigorous enough to stir around the vessel contents. The
reaction specified by the researchers is run for four hours at this temperature. However, a conversion
profile given in their research paper@hs that less than half an hour is needed to convert more than

dm: 2F GKS CcCl Qa Ayid2 YSiKef SaGSNBRIZ FFGSN gKAOK
profile. The same reaction was simulated in the lab to determine if half an hour wagterfouthe
esterification product to be satisfactory for use in the base catalysis. Two runs were cormdocted

done at half an hour and the other following closely the procedure specified by the researchers. The
paper also added that the methanol can texovered from the system via a condenser. The resulting
mixtures were similar, and after both reaction times, only a small amount of liquid remained at the
bottom of the vessel. It can thus be concluded that the reaction can be run for half an hoontert

CC! Qa Ayu2 YSikKet SaliSNaO® LO &K2dzZ R dCfoatle hafS y2aS
hour that it was mixed, so the high temperatures given in the research paper may not be necessary for
this reaction. The catalyst was easiytracted on a benchop scale, by straining the pestaction

solution through a coffee filter. B mixture wasthen ready to be used in the base catalysis almost
immediately, whereas the original reaction required a waiting period of 8 hours to db#lenixture

completely.

The base catalys{sain reactionjs similar to that used in this and most biodiesel processes. A 6:1 ratio
of methanol to triglyceride is added to the first product, to which a 1 wt% of potassium hydroxide of the

combined mas of methanol and esterified oil is added. The reaction is run f6€ 86r 1 hour. When

°
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the reaction was completedjlycerolsettled to the bottom of the vessel. Following standard procedure,
the glycerolwas discarded and the oil was washed until weste water came out clear. There was very

little to almost no soap formation in this reaction, even if no phosphoric acid was used to wash the fuel.

This experiment has shown potential for being used as a future procedure for making biodieseltbut as i
requires a solid catalyst, it introduces a different level of complexity to the mechanical design of the
process. It has shown that the reaction is much faster than the standard procedure and shows that
efficiency can be bettered by changing the catalybhis can perhaps be used as a future reference for a

design project involving biodiesel.

3. Physical System Design
The system consists of four majgections filter, reactor vessel, methanol recovesystem, and
polishing column.Careful design and anais was put into each of these four major sections and their

respective subsystems to ensure a high quality system. The final design is shownRiglwe3{1).
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Figure3-1: Sysem Schematic
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3.1.  Piping

Having an efficient method for moving the oil/biodiesel around the systewery importantthe system

must be easy to operate and safe.

Using piping and a pump was chosen as they allowed for a

completely contained systenthhus ensurig that no toxic chemicals would be released into the air. The

piping needed to allow for loading oil and chemicals into the system at the appropriate times, pass the

oil through theinline filter (refer to Section3.3), allow for easy draining of the reactor vessel, and

transport the finished product through the polishing column (refer to Sec8d) for final cleaning.

Furthermore, the piping needed to be of a material that would handle theagésl/temperatures and

resist chemical corrosion.

3.1.1. Materi

al

A variety of options for materials were considered for the pipi@gpper, StainlesSteel, Carbon Steel,

and CPVC.

Table3-1: Decision Matrix for PipéMaterials (Note: Crossed Out Options did not Meet Requirements)

Weightings | 10 10 10 5
/ NR G S NJ Cost Heat | Corrosion| Fabrication | Totals
h LJG A 2y Resistance Resistanc Time
Copper 4 5 4 5 155
Stainless Ste( 1 5 5 3 125
cRVC 5 0 4 5 115
Garbon-Stel | 3 5 0 4 100

CPVC was found to have issues at the elevated temperature and was not recommended for use by a

poster on the SVO and Biodiesel Forudwith prolonged exposure to temperature and the chemicals

we use in this process, CPVC and PVC areaunat choice$ (Sced 40 PVC or CPVC for Piping? 2006)

Steel piping would easily withstand the heat, but is also very susceptible to chemical corrosion, making it

unacceptable for use for the piping. Stainless steel offeretl bacellent chemical corrosion resistance

and heat resistance, but was very expensive. Therefore, standard copper pipe and fittings were selected
for use. Since the mixing was to be done with an agitafmefer to Section3.4.3, ¢ €
adequatefor handling the flow rates in the system. This eliminated the cost of the pipe since there was

plenty available in the Metal Shop for use. Furthermore, fittings were at a reasonable price since they

were a standard and commdy used size.

11
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3.1.2. Pump

To load materials into the system and push them around the system, a pump was neédlexlthe
piping, the pump also needed to withstand the chemicals and temperatures in the system. Both
centrifugal and diaphragm pumps were considikreDiaphragm pumps offered the advantage of being
able to run the pump dry. They can also operate at very high pressures. Unfortunately, the pumps that
could handle the temperature and chemicals in the system were very expensive. Centrifugal pumps on
the other hand were much more inexpensive. Other important advantages of centrifugrdspwere

the higher flow rates and better chemical compatibility (for the price). Calculations on head losses
through the piping network and other major sections rewshlthat a centrifugal pump could still
operate at the needed pressures. Furthermore, if the operator pays attention, running the pump dry
can be easily avoided. A pump sold by a biodiesel equipment supplier @ppE LLG met the

requirements for thesystem(Figure3-2).
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Figure3-2: Pump Curve and System Head Losses
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3.2.  Pallet Layout

The biodiesel production system is comprised of several subsystems, all of which are connected by
piping. Because the system is quite complex, all the components must be arranged properly to enhance
usability and to keep space requirements to a minimum. Also, the system must be transportable, in
case it becomes necessary that it be moved at a latéz.d&or these two reasons, it was decided that

the entire production system be constructed on a pallet, similar to those used for transporting
construction materials or other large or bulky objects. However, to facilitate the simplest possible
fabrication of supports for all the various components of the system, the supports must be capable of
being welded to the pallet. For this reason the pallet and the supports were constructed of carbon

steel, which is easily welded.

The pallet must be easily trapartable using a forklift or a pallet mover; therefore the pallet could not

be substantially larger than an ordinary wooden pallet. However, the pallet must also be able to hold all

the components that were to be part of the system, so it could not be gowll. Moreover, the

components had to be arranged such that the overall system wasfrieadly and simple to operate

even if it were placed in a corner or otherwise blocked. Also, because the various components on the
system reach up to seven feet@ke the floor, the pallet must be sufficiently wide so as to not be easily

tipped. By estimating configuration patterns and component dimensions and comparing these with
aGFYyRFNR 622RSyYy LIftSGazr GKS FAYlIf RRAVYSYAAZYAATFRN
KSAIKUG 2F GKS St SOFGSR adzNF AppehdixD)S A Bteits ware welded S (1 K

across the width of the pallet where needed to provide support for system components.

When arranging the eoponents on the pallet, the first consideration was that the reactor vessel be
placed centrally. The reactor vessel is the largest and tallest component of the system, and it is
imperative that this does not tip over easily. Calculations for tippingtpairere performed for the
system (refer toAppendixF) and for the reaction vessel in particular. The height of the reaction vessel
was changed until it allowed for an acceptable compromise between accessibility and stabdityhe
reaction vessel was then placed equidistant from three sides of the pallet so that it was centered
between the shorter axis of the pallet (refer &ppendixD). This provided for the maximum stability of

the entire syptem in the event of its being raised and perhaps tipped somewhat in transport.

The other components of the system were arranged around the reactor vessel, as they were relatively
insubstantial in mass and in stability concerns. The filter and polistohgnn were then placed

together on one side of the reactor vessel to reduce piping. The footprint for each of these was drawn,



and accessibility concerns were weighed. Finallyfittexr and the polishing column were placed close
together so that theycould be supported by a single support (refer to Seciagh?, andthe filter was
placed in front, as access to this component frequently for filter changing and troubleshooting. The
reactor vessel, pump, apolishing column had to be placed in a straight line so as to make the piping of
these components more direct. This constrained the final degree of freedom in the decision of how to
position the polishing column with respect to the reactor vessel, &edrésult can be seen ppendix

D.

Given that the pallet on one side of the reaction vessel was already full with the recirculation pump,
polishing column, filter, and piping, the natural choice for the placement of the metl@ndenser was

the vacant space on the other side of the reaction vessel. The vacuum pump, the methanol collection
tanks, and the heat exchanger were arranged as shown to make use of the limited space remaining
available on the pallet. The three caltmn tanks were placed together for simplicity of support and for
transparency to an operator. The tanks were placed in the only possible configuration that would allow
for this, and the vacuum pump was placed on the base of the pallet beneath the tartes.heat
exchanger was mounted above the tanks so as to allow the condensed methanol to flow back into the

collection tanks.

3.3.  Filter and Pretreatment
The purpose of the filtration system is to remove solid particles from the waste vegetable oil (WVO).
The filtration system consists of a 5 micron filter bag. The filter bag has to be betw&8@mbicrons to

ensure any fine or tiny particles that might be in the WVO are removed.

For this process to run without any mishap it is important that all foreigrstsuizes are removed from

the WVO and for this reason the filtration system must function properly. The filtration column which
was originally an air filter is 5 inches wide and about 16 inches long. Some fabrication work was done on
the column to converttifrom an air filter into a liquid filter. First, a 5 micron filter bag was cusioate

for the column. This filter bag is made out of polyester and it is 3.5 inches wide and 11 inches long. Then
a 3inch wide and anch long shaft was made of a solid dtead screwed onto the inside of the
filtration cover. Two 0.4nch holes were drilled through the shaft to allow for passage of the WVO.

Finally, the 5 micron filter bag was tied on tightly to the sliedfer to AppendiEfor a drawing)
For the filters micron polyester bags ranging from 0.5 to 100 misrcen be used for filtering the waste

vegetable oil. The disadvantage of using filter bags with higher micron porosity is that the fine particles
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in the WVO will not be calt, thus reducing the quality of the end produdtiodiesel. These impurities

must beremoved as they willeducethe quality of biodiesel produced.

Many of the particles can be removég allowing time for the oil to sit in a drumThe WV@s allowed

to sit, and sincethe water isdenser than oijl it will sink with themajority of the particulatesto the
bottom. When loading the reactor through the filter, the bottom few inches in the drum will not be
loaded, so all the particles will not clog thedilt Heat will also be applied to the drum using a drum
heater to decrease the viscosity of the oil, making it easier to pass through the filter. Once loaded, the
water must be removed from the oil. The methanol recovery system can easily distill offaderyin

the oil before proceeding with the reactions.

3.4. Reactor Vessel

For the reaction process to be successful, the reactor must be able to do several things. Firstly, the
reactor must handle the batch size of 45 gallonghe batch size was small enduthat it could be

stored in a single 55 gallon drum and could still be fabricated within the time and budget of fleetpro
(smaller batches by definition produce less biodiesel for the ersr waich is undesirable)Based on
research, the reactor shadibe 135% bigger than the batch simeallow space for vapor, chemicals, and
wash water therefore it should have volume of approximately 60 gall@ymurney to Forever 2007)
Alsoimportant is the ability toconnect to the gping network to add oil and chemicals to the reactor.

The high concentration of the acid catalyst must be taken into consideration, and the entire reactor
must be designed to be resistant to chemical corrosion. Failure to do so could decrease perfooance
the reactor as well as present a high risk for safety. Heating the oil to an elevated temperature of 60 °C
decreases overall reaction time and improves conversion to biodiesel. The reactor must be able to
maintain and withstand this temperature thrghout the reaction. For the reaction to go forward, the
catalysts need to be fully mixed, using some sort of mixing mechanism, with the oil. Because methoxide
gas collects at the top of the vessel during the reaction, and is toxic to humans, it mustdmted or

vented safely. If collected, mathol can be reused in subsequent reactions thus reducing production
costs. After the reaction, glycerol settles on the bottom with the biodiesel on top of it. The reactor
must allow for removal ofjlycero] biodiesel, and other reactants. To reduce the physical size and
operatingcost of the system, the biodiesel was to be washed in the reactor vessel before being sent to

the polishing column for final cleaning.

In selecting the material of construction fand reactor several options were considered. Lab results

showed that a conical bottom with a drain valve would provide the best solution for draining the highly



viscousglycerolfrom the tank. A cylindrical shape for the tank was also chosen as it has@ \gplume

to surface area ratio which means less matec@st and has no cornerghich makes it easier to clean.

Several companies sell premade plastic biodiesel reactor vessels, which would require considerably less
fabrication time. Plastic also fdhe advantage of being seftnansparent so the operator could watch
exactly what is happening in the reactor. The primary downside, however, was very critical. These
plastic reactors are only rated to 61°C. This was unacceptable for a reaction lthak&place at 60 °C.

Other people have also reported that they have caught fire during the rea¢fionrney to Forever

2007) Because of these major safety concerns, plastienet used for reactor.

Another possibility wa to make the reactor out of fiberglass. This had the advantage of giving full
control over every detail of the reactor. If the proper resins and fiberglass are used, the vessel would be
able to handle the harsh chemical conditions and would be adequal#lable. Fiberglass, like plastic,
was beneficial because it is lightweight and can be gesmisparent. Unfortunately, making a fiberglass
reactor is very labor intensive due to complexities involved with making a mold. Cost of materials such

as theresin and the moladvere moderately high.

Some biodiesel producers use old hot water heaters for the reactors. Because rusting is a key issue in
the design of these heaters, they would be less corrosive to the chemicals in the reaction. Hot water

heatersalso have a heating element preinstalled and are usually well insulated. The downside to using a
hot water heater, however, was thatlycerolremoval would be more complicated since adding a cone

at the base is considerably more difficult. Alternate noeth of glycerolremoval would need to be

considered. Also, the reactor would be a bit more difficult to clean out after use.

The most cost effective method, was to use standard carbon steel for the reactor. Used 55 gallon drums
are readily available abWw cost and the Engineering Metal Shop at Calvin College has sheet steel
available for use inofming the cone. Fabrication would have bemmsiderably easier than fiberglass
since most of the team membeia this grouptook a metal shop class which tdaes the basics of
working with steel. Carbon &el requires coating with a special paint, such as the -P®Rust
Preventative Paint, to give the reactor the necessary chemical corrosion resistg@fel5 Rust
Preventive Paint@7) However, the decision to use vacuum distillation for methanol recovery, meant
the vessel needed to withstand large vacuum, whicha standard 55 gallon drum would not be

satisfactory.
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The finalremaining option was to purchase a usedinless stel reaction vessel Although this option

added significant cost to the reaction wet, the advantages were worth the added expenSincethe
reactorwas stainless steel, it would have excellent chemical corrosion resistance. Purchasing a vessel
also wt a significant portion out of the fabrication time and would be more solidly built. Finally, using a
premadevessel increases the durability of the systeResearch yielded a vessel formerly used in the

pharmaceutical industry that met the design catesiationswhich Rinnovagurchased

3.4.1. Bottom Cone

The biodiesel reactor has a large flanged aperture at the bottom, to which it was desired to connect the

L dzYoAy3d 2F GKS aeadaSvyo CtKAd Ay@2t 3SR | RAIFYS(S
addition, it was desired to have a conical bottom region of the reactor vessel to facilitate the removal of
glycerol from the reactor following the chemical reactions. A conical region allowdetigerglycerol

to separate and collect at the bottom of the vesswhere it can then be drained. However, it was
determined during laboratory testingdfer to Section2.2.2) that a relatively steegsided cone was

needed, otherwise the high viscosity of the glycerol would not permit ifléev and drain at any

reasonable flow rate.

Several options were considered that would provide a conical reduction at the base of the reactor
vessel. One option included the fabrication of a cone out of sheet metal, but it was determined that it
would be unfeasible to bend a sheet of sufficiently thick steel into the proper shape given the available
tools. It was also proposed that a conical reducer could be fabricated from a single piece of material,
machining a cone out of an initial large cylindripgece of metal or plastic. This proposal was promptly
dropped when the prices for the raw materials necessary were investigated; the cost was prohibitively
expensive, and the time required for machining was to be no small matter as well. It was a also
proposed that the reduction be done in multiple steps using standard industrial pipe reducers.
However, this proposal was found to be unfeasible because of the length of piping that would be
required; since this reducer was to be mounted to the base ef ibactor vessel, the reactor vessel
would need to be mounted several feet in the air for this proposal to be of use. It was then proposed
that the tapered top of a compressed gas cylinder be used as the reducer. This would require obtaining
a compressedjas cylinder of sufficient size and made of steel, cutting off the top of the cylinder, and
welding it to a flange. While some of these proved to be difficult, this option proved to be the most

feasible alternative for obtaining a conical reducer.
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When dtempting to find a scrap gas cylinder, it was found that most such cylinders are now constructed
from aluminum, which cannot easily be welded to steel. Also, it was found that most companies that
supply compressed gases are unwilling or not permittegpdad with their scrap cylinders. Eventually,

one such cylinder was found at a scrapyard in Grand Rapids, where it was purchased at a modest price.
It was found that the threaded aperture for the valve at the top of the cylinder was the same size as was
to be used for the system piping, fortuitously reducing the fabrication processes required. The top of
the cylinder was cut off and cleaned by sand blasting, and was then welded to a flange made for that
purpose. The flange had bolt holes placed so amate with the corresponding flange at the base of

the reaction vessel. Finally, because the entire reducer assembly was constructed out of carbon steel, it
was coated with a fuel tank sealer to inhibit corrosion from the various acids, bases, alcollotslsan

used in the process.

3.4.2. Supports

Four largely independent systems were to be placed on the 22h#t is available on the pallet
constructed for that purpose. Each system needed to be at some specific height to take advantage of
hydraulic head ando reduce the need for pumps. Also, it was imperative that all support systems be
constructed from materials which were available locally to reduce further costs, and it was also
important that these systems be relatively simple to construct and to oger&urthermore, the overall
product must operate safely in all modes, and this includes taking precautions against tipping of the
pallet, components falling, and any sharp or protrusive objects which might cause injury to an operator

or other person in tk vicinity.

The reaction vessel was the simplest system to support, as it had openings at its base which were
AYGSYRSR G2 K2fR fS3a (2 &adzZJR2NI G§KS @SaasSto H €
and four legs were cut from this tubel eOK Hné¢ 2y 3 {YILff aSOGAzya 27
base of each leg, and bolt holes were drilled through the plates and through the members of the pallet
where they would be resting so as to secure the reaction vessel onto the pallet. Aftervas
accomplished, the legs were placed on the pallet in their appropriate places, and the reaction vessel was
lowered onto them from the top. When the reaction vessel was in place, the legs were welded to the

base of the vessel, and that support wasnplete.

To simplify fabrication, it was decided that a single pole would be used to support both the filter and the
polishing column. The pole was welded vertically onto the frame, and it was then supported with a

single gusset that helped provide stigth. Appropriate mounting mechanisms for the filter and for the



polishing column were then welded to the pole. For the polishing column, this included a lower rigid
brace to support the weight of the column and also to allow access to the drain ptiré &tase of the

column. At the top, a flexible metal strap was fabricated to prevent any sideways movement of the
polishing column. For the filter, a short beam was welded horizontally to the pole, and a section of

unistrut was bolted to this beam, fromehich the piping on either side of the filter was supported.

The recirculation pump needed to be supported at the same height as the piping coming out from the
reactor vessel, and this was accomplished by fabricating a simple support at the approprigtediei
the pallet. The mounting plate had slotted bolt holes milled into it to allow for some flexibility in

mounting the pump. Finally, the support was welded to the frame by means of three legs.

The methanol condenser involved several different congaua itself, and the support for this system

was necessarily more complex as a result. Three methanol collection tanks, a heat exchanger, and
miscellaneous piping were to be supported in this system. To accomplish this, three holes
corresponding to theige of the bases of the methanol collection tanks were drilled into a length of
channel steel. This channel steel was then welded at the appropriate height off the ground to vertical
poles at the front and the back of the pallet. Those two poles weranagual height; they were
connected at the top by a horizontal pipe connected to a pipe at 45° downwards. This was done to

furnish an appropriate mounting point for the heat exchanger.
3.4.3. Mixer

3.4.3.1.Mixing Options

Good mixing is an essential part of getting adjseaction. This was verified in reactions done in the
lab. With better mixing, the reaction time was faster and greater conversion rates were obtained. For
the full sized reactor, two options were considered: pump mixing or agitator mixing. With pixaqug,

a pump would transfer the oil from the base of the reactor and jet it back in at the top (using a nozzle) at
a very high flow rate. Research suggested a turnover time (the time taken to move the entire volume of
the reactor through the pump) of @nto two minutes, or a flow rate af5to 60 gallons per minute in

this casgLaming 2007) The other option was to insert a paddle or propeller on a shaft into the reactor

and spin it with a motor thus mixing the oil.
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Both options could be adequately designed to provide effective mixing. However, the cost of getting

good mixing with a pmp was much higher than using an agitatofo achieve the high flow rates

Table3-2: Decision Matrix for Mixing Options

Weightings| 10 5 5 5 4
/ NJA G SN Cost |Design Tim|Fabrication| Efficiency | Safety | Totals
h LJG A 2 Time

Agitator 5 2 2 5 4 111
Pump Mixin 1 5 4 5 4 96

required, a fairly expensive pump would have been needed. The biggestoastver,came from the

need to use bigger piping and fittings. Because of the very high flow rateledhé¢e get good mixing,

iKS

be too much for the pump to handle (or a much more expensive pump would be required). Using an
agitator still required the use gbiping for filtering and polishing purposes, but flow rates would be
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Figure3-3: Head Losses &5 GPM (Mixing Flow Rate) for Differentid Diameters Refer toAppendix

The cost of using an agitator was further lowered by the availability of many components at the

Cfor Detalls)

Engineering Building Metal Shop at Calvin College. A suitable rhatbbearingsand scrap steelere

free.
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Table3-3: Cost Estimates for Mixing Options (Donated Items are Noted as $0)

Item Agitator | Pump Mixing
Pump $ 70 $ 400
Pipe/Tube $0 $0
Valves/Fittings $ 200 $800

Motor $0 N/A

Shaft Seal $ 20 N/A

Ball Bearings | $ 0 N/A

Misc $10 $5

Total $300 $ 1205

Although the budget was big enough to cover the cost of using pump for mixing, it was not deemed to

be the best use of funds.

Energy efficiency was another important consgatén since the goal was to use a minimal amount of
energy to produce the biodiesel, reducing the cost for the end usée electric energy input required

for adequate mixing turned out to be the same for both options (1.5 hp pump for pump mixing
compaed with a 1 hp motor plus 8.5 hp pump for agitator mixing) Safety was also important in
deciding which method of mixing to use. One major safety concern was keeping the toxic vapors inside
the reactor. Although using an agitator introduced anothetehat the top of the reactor vessel, a
specialized shaft seal was found that could withstand the pressure, temperature, and chemical

corrosiveness of the substances in the tagsuring nothing would escape.

The biggest downside to using an agitator whs increased amount of design and fabrication time.
Both systemsequired a similar piping layout since the pipimgas needed for filtering and polishing.
Making an agitator would intduce an additional component to design and fabricate. However, the
time was deemed worth spending because of the reduced cost and solid performance of using an

agitator for mixing.

3.4.3.2 Agitator Design

The agitator was designed to be mounted on the largest top flange of the reactor vessel. The primary
reason was that this aleed for the Argest possible propeller bladé€?lacing the agitator on that flange

also allowed for a fully self contained system which could be completely removed if necessary. The base
plate for the entire system was cut out of 5/16 carbon steel plakéciv was the thickest plate available

in the Metal Shop. Slots were milled accordingly to make use of the existing swing bolts on the reactor
vessel. All other components for the agitator system were mounted on this plate. RefppendixD

for detailed drawings of the plate as well as the other parts used in the agitator.
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The most complicated portion of the design and fabrication of the agitator were the shaft and bearing
housing. Although somigiodiesel nakerssimply place a paddle on the end of the shaft and stick it into

the reactor unsupportedthis wasdeemedincompatible with the safety requements set out for the

project (due to risk of large deflections on the shaft while mixing). To provide &xp@ort a stainless
aisSsSt a2l O01SiG¢ o61a RSaA3IySR (2 O020SN) GKS akKlFFao
mounted to ensure the shaft remained in place. The jacket was welded into a hole in the base plate.
The shaft was designed to bertical so that imbalances on the mixing propelesuld not result in a

large moment arm To add extra rigidity, a gusset (a piece of stainless steel angle) was welded to the

bottom of the jacket to the plate.

For the mixing propeller itself a Pitch Béadurbine (PBT) design was selected. More complicated prop

options would have needed to be purchased from an outside supplier, raising the cost of the system.
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into a cylindrical hub. Four identical plates were inserted into the slots and welded securely to the hub.

An angle of 45 degrees was found to be commonly used for similar applications. As st&bkdrpy

Mixers 0 I & dzLJLJ A S NJ 2 Tegrtee pitcR & GhE mdstupbfal&r8It ig1g good compromise

between high pumping efficiency and high shéaX @itched Blade Turbine Impeller by Sharpe Mixers
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the blades wereground downuntil the shaft was fairly balanced, ensuing minimal vibrations during

operation.

To power the agitator, a 1 hp motor, which was donated, was used. It was mounted atop the base plate
parallel b the shaft. A pulley system with a speed reduction of about two connected the motor to the
shaft. The reduction was selected based on the available pulleys in the machine shop. To provide a
good mechanical seadn RTV Red Silicomeas used to give thplate a nonrigid surface to clamp down

on. Onceeverything had been assembled, the shaft wased up by crane anchounted onto the

reactor. Swing bolts tightened the agitator onto the reactor. Details of its performance can be found in

Sectiord.4.

3.4.4. Heating

The function of the heating system is to melt the Iégémisolid animal fath the yellow grease prior to

the filtration process as well as heat up the oil to desired temperatures during the chemical reactions.
The hating system consists of two 4500 W stainless steel water heaters which will be completely

submerged in the oil during the reaction. Stainless steel heaters are intentionally chosen for this system



because stainless steel exhibits excellent-aotrosiveproperties and it will not corrode when it comes

into contact with the chemicals used for the reaction.

For safety reasons, the heaters have to be fully submerged in the in the liquid in the reaction vessel. The
inside of the reaction vessel is 40 inchesg and some fabrication needed to be done on the heaters
since they are only about 11 inches long. This was done by cutting a stainless steel pipe hittcha 25
length and attaching the heater to one of its end. The other end of the pipe was flangeduent the

heating unit from falling into the vessel. The heater was attached to the pipe by machining a stainless
steel bar in such a way the heater screws onto its inside and its outer surface screws into a stainless

steel half coupling which is weldéd the pipe.

3.4.4.1 Alternate Solutions

An inline heater can be used fbeating the waste vegetable olhline heaters are more expensive than
immersion heaters and they will not be as efficient as immersion heaters in this system. High efficiency
heaters areneeded in this system as production time should be kept low as possible if it is not going to
cost too much. In this case, immersion heaters will reduce production time as well as the overall cost of

the system.

A tank heater that will wrap around the retion vessel was also considered as an alternative for heating

up the yellow grease. The problem with this design is that the outer wall of the vessel needs to be cut
open to install the heater. For this reason, the design is not feasible as the fabrigdtiagake a lot of

time. In addition, this heater is not as efficient as the immersion heater thus increasing the production
time and cost of making biodiesel. The decision matrix shows the advantages and disadvantages of the

different types of heating nits considered for this system.

Table3-4: Heating Options Decision Matrix

Weightings 10 7 5 4
/ NJ‘; IS NJ‘\V Efficiency Prodyction Cost Fabr_ication Totals
hLIJOA2Y & Time Time

Immersion Heater 10 9 9 9 244
Inline Heater 7 5 3 7 148
Tank Heater 5 4 7 2 121

3.4.5. Washing
To produce a quality fuel product, the biodiesel must be refined after reacting to remove contaminants.

Some of the contaminants which need to be removed include free glycerol, excHsanole and soaps.
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Most of these contaminants are to be removed during a repetitive water washing process, and will be
removed with the waste water. This is a relatively simple and-effsttive way to purify the biodiesel,

and is used in many differesbnfigurations by the majority of smaitale biodiesel producers.

Washing the biodiesel with water seems at first glance to be an excellent way to purify the raw
biodiesel. The methyl esters that the biodiesel is composed of are hydrophobic, and duxnwith

water. The contaminants in the biodiesel, on the other hand, are easily soluble in water, and will collect
in the separate layer of water from biodiesel. All that is needed to reduce the contaminants to a

tolerable level is to repeat the waghocess several times with clean water.

Unfortunately, there are some drawbacks to water washing processes. Oxygen dissolved in the water
can easily oxidize some biodiesel, particularly if there is significant contact with oxygen in the air. Some
types d water washing, including bubble washing and mist washing use extended periods of contact
between the biodiesel and the water which leads to increased oxidation. Also, when the
transesterification reaction (to produce the methyl esters which composeidset) does not proceed
properly, or there is excessive water in the reactants, soap will be formed instead of biodiesel. Soap acts
as an emulsifier, allowing biodiesel and water to bind to each other. Thus the formation of soap is
particularly undesirale because, not only does its formation reduce the output of biodiesel, but its
presence also causes biodiesel to bind to water, and the bound biodiesel is then removed along with the
contaminated wash water. However, with all water washing systemseittremely important to dry
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properties.

3.4.5.1 Alternate Solutions

Because of the problems associated with saponification, some-soed# biodiesel producerse water
washing methods which cause minimal agitation of the oil/water mixture to reduce emulsification.
These methods include bubble washing and mist washing. However, because these methods tend to
mask incomplete reactions because they do not formeanulsion even with significant saponification,
they were not considered desirable for this project. Another possible method relies on a short period of
intense agitation to ensure thorough mixing of the biodiesel and water. Because the time that the
biodiesel is in contact with water and air is so much less than with bubble and mist washing, the
oxidation that occurs is significantly reduced, and has negligible effect on the final product. Other
washing options include flooding the wash vessel withogén to reduce oxidation rates, although this
would not be of great concern at the temperatures occurring in this reaction. Also, an adsorbent is
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often used in larger scale processes to remove contaminants from the biodiesel without introducing
water atall. This is very efficient on a large scale, as it cuts reaction and purification residence times,
and thus achieves cost savings. However, in a soalké batch process, residence times are of much
less importance, especially when considering that téactor will most likely not be used constantly.
Also, the adsorbent used in this process is rather expensive, and replacing it frequently would pose a
significant and unnecessary expense on the operators of this-scall reactor. As such, it was ikt

to incorporate an adsorbent into the system, but it would be used as a polishing component, removing
only the contaminants which are not easily removed by a few water washes. This system is described in

greater detail in the polishing section of tmeport.

Given the choice to use a water wash process, it was necessary to make another choice regarding the
additional components needed for the system. One available option involved constructing a washing
tank with a builtin agitator to accommodate #washing process. Another option considered involved
using the reactor vessel as a wash vessel as well, and using the recirculation pump as a mixer during the
washing process. The integrated system would save on component cost and on building time, but
because of a longer residence time in the reaction vessel, would decrease the possible frequency of
operation for our batch process. However, because it is not anticipated that this process will be used
anywhere close to its maximum capacity, the longesidence time had little bearing on the decision.

To save costs and to reduce space requirements for the system, it was decided to use the agitated wash
system outlined above. This system will not use any new components, but will make use of the existing

reactor vessel as a washing vessel, and the agitator will be used to initially homogenize the mixture.

3.5. Methanol Recovery
Topush the reactions to conversion there is excess methanol added. TFreaared methanol can then
be recovered after each reactiand used for subsequent reactions. The recovery of methanol is done

by way of vacuum distillatiofFigure3-4).
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Figure3-4: Methanol Recovery System

The basic idea is that this process will capture the heat that the reaction fluid has, draw just enough of a

vacuum for the reaction temperature and condense the methanol into collection vessels.

Our group acquired a 3/4hp Precision Sdintvacuum pump that the Calvin Physics department no
longer needed and had it refurbished. The pump is capable of drawing a vacuuritafr 10At 35°C
methanol should vaporize at 209 torr and at 60°C it should vaporize at 629 torr. Additionalyreiig

water in the feedstock that needs to be vaporized this must be done at 90 torr at 6&f€ {0
AppendixH). The system will be closed so the vacuum pump that is to be used is capable of drawing a
much greater vacuum than is required. Therefore this vacuum must be regulatemtt@nly save
energy butvaporizeonly methanol To do this the system will employ an Ohmeda vacuum regulator
valve. The valve can be dialed to a desired pressure and wheratheim reaches the setpoint it will

break the vacuum.

The vaporized methanol will then be pumped out of the reaction vessel and into the collection vessels.

Since these vessels will also be under a vacuum the methanol wglparize. To prevent loss tife
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methanol a heat exchangeis placed between the collection vessels and the vacuum pump. The vapor
passes into the tube side of a single pass counter current heat exchangendenses and drains back
into the collection vessels. Cold tap watetlwe pumped through the shell side at a rate a2 §jal/min.
Based on a calculation that assumed a cold water temperature of, Bais flow rate is sufficient to

prevent the methanofrom leaving the systenréfer to AppendixH and Appendix)).

The vessels that are used are three old, €@inders that were found at a salvage yard. They were
inexpensive and they can hold more of a vacuum than this system wil n€kere are three cylinders

that are used because one can only hold about 4 gallons of fluid and for a 45 gal batch between 8 and 10
gallons of methanol will be recovererefer to AppendixK). The vessels will fill simultaously and this

is achieved by connecting each of the vapor spaces and liquid spaces of the vessels. The Vapor spaces
are connected by hydraulic hoses. These hoses offer flexibility and an easy connection. The hoses that
are used are High Pressure SMBRTAT with dual steel mesh layers surrounded by Nitrile. The liquid

spaces are connected by a copper manifold that was manufactured here at Calvin.

There is a structure that holds this entire portion of the system in place and on the skid that holds the
rest of the reactor. Figure 3-5 shows an Autodesk Inventor image of the correctly dimensioned

structure that holds the vessels, heat exchanger and manifold in place.

Figure3-5: CAD Model of Methanol Recovery Supports
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The entire framework is made of Carbon Steel and is welded directly to the skid. The cross beam that

the vessels rest on was milled in the machine shop to fit the tops of the containers snugly.

3.6.  Polishing

The final shge of the biodiesel production system is called a polishing system because the washed
biodiesel is passed through an ion exchange resin which effectively adsorbs most of the common
contaminants from the biodiesel. The ion exchange resin is a commemiatluced adsorbent in the

form of small polymer spheres with sizes ranging betweer6@5nesh. One part of adsorbent can
effectively purify 90aL400 parts of biodiesel on a mass basis, according to manufacturer specifications.
This resin is typicallysed in a packed bed or column, with the biodiesel flowing through the resin beads
and emerging, purified, at the bottom. This arrangement was imitated for use in the biodiesel project at

Calvin College, with the resin placed in a packed column fabrifatékat purpose.

Material requirements for the column are quite lax, as the adsorbent is chemically inert with respect to
most metals, and the biodiesel will be relatively pure by this stage of the process. All flow streams will
be at ambient temperatres, negating any temperature requirements needed in other parts of the
system. This column is required to be of sufficient volume to hold a reasonable amount of resin such
that adsorbent rebedding times are not overly frequent for the predicted apptinat However, the
column cannot be overly large either, at the risk of requiring extra supports for the apparatus weight
and to facilitate ease of rebedding. In addition, the column will be a significant source of head loss in
the system, and care muskhtaken to minimize head loss, to provide appropriate flow rates, and to
allow the use of an appropriate and inexpensive system pump. The column generates a higher head loss
than that which would provide an appropriate flow rate through the system withimml starting
LINS&dadz2NBx a2 Ad0 ¢Fa&a RSOARSR OKIFG | LiddzyLd gk a NBJd
column. This in turn requires that the polishing column be prestested to withstand the operating
pressure in addition to appropriate sy factors. From a design standpoint, this is relatively easy to
achieve, but lowbudget prototyping requires a reliance on a limited amount of readily available
materials. This constraint applies to material thickness and dimensions, and can sevestigic the
fabrication process. Two fabrication attempts were made, resulting in a single usable product in the
end. The first fabrication was discarded because it was sealed by soldering, which is quite difficult to
accomplish when using stainlessate The second fabrication was sealed by welding, which while still

difficult with stainless steel, is much more manageable than soldering.
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3.7. Controls

WAYY20l Q4F 0A2RASaASt adaeaidSYy KIFa F2dz2NJ LINE OfStheéi 02 Y LR
heaters, the methanol condenser, the recirculation pump, and the agitator. The two chemical reactions

for the biodiesel process require different reacting times and temperatures. There are also mixing
specifications during the reactions and the intermediatel washing steps that require the recirculation

pump and agitator to operate at different intervals. Between these steps, a vacuum is applied on the
reaction vessel to condense and collect the excess methanol leftover from the chemical reactions.
Theserequirements necessitated the design of a control system that would allow certain components to

operate simultaneously for each of the different steps in the process.

Due to the high capacity (7 kW) heaters used in the reacting vessel, the control systenfor this
project required connection to a 288olt source. The process components are set to operate on timers
to allow them to function on their specified operating times. The components are also connected in
parallel to allow different parts of theystem to operate simultaneously with other components as
specified by each of the reaction steps. The vacuum pump, recirculation pump, and the agitator
controls are connected in parallel a similar manner, each with a separate circuit breaker and a timer
connecting to the next component section. The temperature controller is connected to a relay that
connects to the two heaters before reconnecting to the main circuit. The relays used have a 240 V
output capacity and an amperage rating of 25 A. The stlite relays are set on heat sinks. The
temperature controller used in this system is an Omega CN7823 controller with anbtiitter. For

safety reasons, this system is wired in such a way that the heating unit cannot be switched on unless the
agitator and pump are switched onrhis is accomplished via mechanical relays wired across the agitator

switch, so that the relays will not be closed unless the agitator is powered.
4. System Operation

4.1.  Introduction to the System for End User

WAYY 2@l Q& ctioh Ydein Ba&ignediddonvert waste vegetable oil (WVO) into diesel fuel via
a multistep process with two chemical reactions. This system consists of a filtration unit, a polishing unit,
a methanol recovery unit, a vacuum pump, an agitator, a heatimi¢y control unit, a pump, and a
reaction vessel. Waste vegetable oipismpedthrough the filtration unit to remove particulate matter

from the waste vegetable oil, and thdiows into the reactor for the first of the chemical reactions.

Prior to stating the first reaction, a vacuum is applied ahe oilis heated to remove excess water from
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the oil without having to boil the mixture at high temperatures. Huéd catalyzedeaction is run at the
specified temperature and time, after which it is alled to settle b allow the excess methanol to
collect at the top for recovery. The basatalyzedreaction is then run with the required amount of
methanol and catalyst. The reactions are run with their specified times and temperatures and waste
productsare drained. Wash water is introduced into the vessel and is mixed with the recirculation
pump. After two to three washes or until the wash water emerges clear from the vessel, the biodiesel is
pumped into the polishing unit to refine the fuel and totexct the excess catalysts and remaining
impurities introduced into the fuel during the chemical reactions. The entire process can be controlled
by a control system designed for operating the heaters, agitator, vacuum pump, and recirculation pump

with the required setting specified by each step.
4.2.  Getting Started

4.2.1. Oil Collection

The Calvin College Dining Services has two waste vegetable oil bins situated at the back of the Commons
and Knollcrest Dining Halls on campus. A company is contracted to cobeotl tht the end of each

week or until a capacity of 20 gallons is reached in the oil bins. The company collects oil by connecting a
specially designed hose to a spigot located at the bottom of the bin. Collection is initiated by a pump
operated to remoe oil from the tanks. In the absence of this equipment, a pump with a simple
flexihose can be used to extract oil from the top of the bin and connected into a barrel for collection.
The oil barrels can be transported using thlectric vehiclein the engneering building. Chef Matt

Moore from the Dining Services should be notified each time that oil is collected from the dining halls,
IyR O2ffSOGA2y aK2dd R 06S R2yS 0STF2NBE GKS CNARI @&
526-8759.

4.2.2. Preparation s for a Process Run

As the heaters, agitator, recirculation pump, and vacuum pump are all run on a 240 V line, make sure
that each component is plugged into the outlet prior to startup. A drum of waste vegetable oil should
be set by the input valve with l@ose connected to the input pipe next to Valve 3. Have all valves closed
before starting the system to prevent any inputs from flowing into the wrong system components. The

following chemicals should also be prepared beforehand.
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Table4-1: Chemicals Needed for a 45 Gallnf a WVReaction

Chemical Volume (mL or L) Mass (g or kg)
Sulfuric Acid 170.35 mL 313.44 g
Methanol 13.63 L +20.44 L (for KMeOH) | 10.80 kg
Potassium Hydroxide | -- 740 g

For the aciccatalyzed reaction, sulfuric acid and methanol shdaddcold and areot be mixed until the
reaction is absolutely ready to be run. Mixing them could cause the formation of dimethyl ether, a
highly explosive colorless and odorless gas. A minimum 68 1i8ers of methanol will be used for the

acid-catalyzed step.

As the potassium methoxide requires preparation, allot fifteen minutes to allow the methanol and the
potassium hydroxide to mix to make the base catalyst. Potassium hydroxide should alkdvied to
expose to air for long periods of time to prevent degradation, and once the required amount has been
added to the methanol, the seal should be immediately replaced. The methoxide should be mixed in a
well-ventilated area, and the person mixirigshould wear gloves as the mixture can be extremely
caustic. As with potassium hydroxide, potassium methoxide should not be exposed to air for long
periods of time. The methanol and the potassium hydroxide can be combine2ih Bhigene jug with

a replacable cover. It is recommended that the operator make the potassium methoxide only as needed

since the mixture can degrade over time.
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4.3.  Operating Procedures

D= _"IT W oo

Figure4-1: System Schematic

4.3.1. Pumping Oil and Chemicals into the System

The inputs to the system are introduced by connecting a hose to valvaBes 35, 6 and 7 should be
opened to allow oil to flow into the reactor. Make sure that valve 7 is set to transfer fluids into the
reaction vessel. d'introduce oil into the system, turn on the switch fitve vacuum pump This primes

the recirculation pump. Once primed, the recirculation pump can be turned on and the vacuum pump
turned off. The oil will pass through the fine filter on its way te thain reactor vessel ensuring there
are no fine particles. Turoff the pump andwhen the needed volume of liquigt5 gallons)s in the

system. Close valve 3, 4, andrite this has been completed.
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Figure4-2: Valve Positions for Loading Oil

4.3.2. Removing Water from the Waste Vegetable Oil

There are two ways to remove the water entrained in the waste vegetable oil. The most common
method used is to heat the oil to a temperature of $@0to boil off the wateiin the oil. The other
method that will be used in this design is to apply a vacuum on the waste vegetable oil to allow the
removal of water without applying as much heat to the vessel contents. The water vapors emerging
from the oil will condense in thbeat exchanger and collected into vessel tanks used for collecting water
from the oil. The heaters should be turned on to operate at a temperaturé08€ and the vacuum
pump should be turned oand regulated to hold its pressure &00 torr (260 torr &solute) Connect

the domestic cold water line with a hose through thkkeell side of the heat exchanger to allow the
cooling fluid to begin condensing water vapor in the tubes. When there is very little water left entrained
in the oil (i.,e. no more watelis seen condensing in the sight glagsyn off the vacuum pump, the

heaters, and the cold water line.
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Figure4-3: Valve Positions for Distillation, Reactions, Methanol Recovery

4.3.3. Acid Catalyzed Reaction

Connect a Migene/vessel containing the minimum of 13.63 liters of methanol into valve 3. @yess

3, 4, and 7, making sure that valve 7 transfers fluids into the reaction vessel. Set the temperature
controller to operate at a temperature of 36 for arnoperating time of one hour. Set the agitator to run

for an operating time of two hours. When the vessel contents are sufficiently heated, introduce the
sulfuric acid into the methanol and turn on the recirculation pump and operate until the chemieals ar
introduced into the vessel. Close the valves and turn on the switches for the heaters and the agitator.
The reaction can be left to run for two hour®ne with heat input and the other without. When the
process is finished, allow the vessel contentséttle for eight hours before continuing with the base

catalyzed reaction.

4.3.4. Methanol Recovery

A layer of methanol wikepatateto the top of thereactor, above theil after the esterification reaction.
This methanol can be collected by applying alsinpgrocedure used to extract water from the oil prior
to the first reaction. Letthe heaers maintain the reaction temperaturef 35°C.  Connect the cold
water line to thetube side of the heat exchanger. Switch on the vacuum pump and setthdatorto
-200 torr (560 torr absolute). Also, set tkimers to run fortwo hoursor until the methanol has been
completely condensed into the tank. This metharemoveredcan be combined with fresh methanol to
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make the potassium methoxide for the base cgrald reaction. There should be no acid in the
recovered methanol, so there is no need of contaminating the base catalyzed reaction with the sulfuric

acid

A similar process is employed after the base catalyzed reaction to recover the excess methamnol. Afte
the reaction iscomplete, maintain the solution at the reaction temperature of 65°C. Draw a vacuum of
150 torr (610 torr absolute) on the regulator valve and maintain this for 2 hours or until a sufficient

amount of methanol has been recovered.

4.3.5. Base Caalyzed Reaction

As with the acietatalyzed reaction, open valves 3, 4, and 7, once again making sure that valve 7 is set to
transfer liquids into the reactor. Set the temperature controlieroperate at a temperature of %C for

an operating time of twdours. Set the agitator to run for an operating time of two hours. When the
vessel contents are sufficiently heated, introduce the potassium methoxide into the vessel by turning on
the recirculation pump. Operate the pump until the chemicals are inteeduinto the vessel. Close the
valves and turn on the switches for the heaters and the agitator. When the process is firdstiddyff

any excess methanol as in the SectbB.4 The collected methanol can be used fofuture batch of

potassium methoxide. [lw the vessel contents to settle to allow tlggycerolto separate from the oil.

4.3.6. Glycerol Collection

If a complete reaction is expected from the methodology used to make this biodiesel batch, a stream of
dark, visous glycerolwill emerge from the bottom of the reactor. To collatis glycero| connect
flexible tubing to the end of Valve 1 and allow the mixture to flow through until it changes color from
dark brown to straw yellow. The hose should be connecteal ¢ollecting vessel. When the color of the

flowing liquid changes, close the valve and remove the hose.
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Figure4-4: Valve Positions for Glycerol Draining

4.3.7. Washing

Two things will have to be preparedrfthe washing process. The first is a jugacfdulatedwater
containing about 500mL of 10% Phosphoric acid. The second is a hose that connects to the domestic
cold water line. Connect a hose to valve 3 and immerse it in the container with the watest mitke
phosphoric acid. Open valves 3, 4, and 7, directing the flow of valve 7 into the reactor. Turn on the
recirculation pump and introduce the acidulated water into the vessel contents. Turn off the pump,
open valve 2, and close valve 3. Turn onreiw@rculation pump again and allow the mixture to circulate

for 5 minutes. Turn off the pump and close valve 2. Connect the domestic water hose into valve 3 and
introduce about 510 gallons of cold water into the vessel. Turn off the pump and close 3al Open

valve 2 and repeat the procedure above. After allowing the vessel contents to settle for one hour, open
valve 1 and allow the waste stream to drain out. This water should be discarded. The washing process
can then be repeated again withoutlding 10% phosphoric acid to the wash. Repeat the process until

the water coming from the reactor is clear. Drain the water after the last wash and close all valves.
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4.3.8. Polishing Biodiesel

The polishing colmn should be filled with Wberlyte beads prior ® running a batch of biodiesel
through it. Situate a collection barrel for gathering biodiesel at the bottom of the polishing column.
Open valves 2, 4, and 7, directing valve 7 to pass fluid into the polishing column. Turn on the
recirculation pump to perate until allthe biodiesel has been transferred from theactionvessel into

the barrel
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Figure4-5: Valve Positions for Polishing
4.3.9. Checking for Filter change
The filtration unit should be checked pediically to see if the filter needs to be changed out. This can be
done when filtering WVO by opening valve 9. Obviously, if there is any impurity in the filtered oil the

filter needs to becleaned orchanged.

4.3.10. Replacing Filter
Make sure the system if swited off and all the valves are closed. To change filter, unscrew the bottom
of the filtration unit from the cap and remove the old filter and replace it with a clean 5 micron filter

bag.
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4.4.  System Testing

4.4.1. Water Testing

To ensure the piping, pump, and agitatwere working before any oil, which would not be easy to clean

off, was added, water was used in several basic tests. The reactor was filled with water, the valves were
opened and closed (depending on the portion of the system being inspeatedithepump was turned

on. Any leaks in the system were noted and subsequently repaired. This process was repeated until
there were no longer any leaks in the piping. Furthermore, the agitator was also tested using water.

With the reactor half full, the agitar motor was powered on. Observations showed very heavy mixing.

4.4.2. Pressure and Vacuum Testing

Because the reactor will be containing toxic chemicals, it was very important to ensureothatqiwill

escape during operation. To test if the reactor waspemty sealed, all open holes were capped and a
pressurized air hose was inserted into the reactor. A gauge controlled the air pressure inside the vessel.
The reactor was able to hold up 80 psiof pressuresteadily for several minutesyhich is adequat for
operation. To ensure safety, if the pressure was ever to suddenly jump beyond 75 psi an emergency
pressure relief valve was installed to release the pressure. The exit from the relief valve was pointed

toward the back of the system so any operataould not be sprayed by the flow from the valve.

4.4.3. Full System Tests

Once the system was completed, the system was operated to ensure each component was working and
that the system produced biodiesel. When collecting the oil, it was found to be far ditderwas
previously expected. To get out some of the large particles the WVO was first passed through a course
filter. A drum heater was purchased to decrease the viscosity of the oil to facilitate loading into the
reactor. Finally an old fuel filter teidge was attached to the inlet to the input hose to ensure no large
particles were loaded. Under normal operation the WVO would be given more time to settle so less of
the large particles would be pumped into the system, however, there was not enaugha do this for

the tests Rinnova did.

When first loading the WVO, using the vacuum pump to prime the pump was found to be very useful.
The oil passed through the fine filter with no problems. [Fred, talk about the issues we had with the

heaters wherdewatering,wrong part, temporary fixes, and getting the right part]

After the first reaction and dewatering, several leaks were found in the piping systemflu¢tuation

between hot, cold, pressure, andacuumhad broken many of the solder joints. Bese of the
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placement ofunions and valves, it was possibleigolate anddisassembléhe entire piping to resolder
everything. Unfortunately, when reconnectitfie piping, some things did not line up. Flexible, braided

stainless steel hose was usedpmvide the needed flex.

There were several issues and lessons learned during start up and operation of the first batch using the
reactor constructed by the team, with respect to the methanol condenser system. During the
dewatering process the system wad well, there were no major issues or concerns. muthe
methanol recovery stage after the first reaction the vacuum was set too high and some of the methanol
that was condensed was then-evaporated and passed through the heat exchanger into theiwac

pump. Once the methanol vapors reached the oil it became entrained and the pump was flooded. The
oil of the pump was flushed out with clean oil and finally replaced with just under two clean quarts of
fresh oil. The pump operated better than it heden before the process started. When the pump was
serviced the servicer overfilled the vacuum pump which caused it to choke and gurgle as it operated,

after it was flushed and refilled it no longer had these issues.

After the second (base catalyzed) réan the vacuum pump was employedgain for methanol
recovery. During operation the sight glass broke under the pressure. This component was pressure and
vacuum tested prior to operation and performed wedlut after use it seemed as if the sight glass h
begun to form stress cracks, due to pressure and thermal cycling. This section was temporarily repaired
with copper tubing; tempered glass was looked into as a replacement. An additional problem was
found, as well. The potassium methoxide vapor camirom the reactor at 65°C that entered the
condenser vessels tended to heat them to the temperature of the reactor. This is an issue in that the
vapor is then not allowed to fully condense. The vapors enter the heat exchanger and condense but
then are e-evaporated in the hot tanks. This leads to inefficiency in the heat exchanger. A solution to
this is to have a vapor chiller between the reactor and the methanol condenser system-thifbrine
entering vapors. This can be done with a simple smelltabe style heat exchanger made of hose and
coiled copper tubing. This will not only increase the present efficiency of the heat exchanger by
minimizing the duty it must use, but also minimize the time needed for methanol condensation and

recovery.

During the water distillation, the pulley on the agitator was vibrating greatly. This was because the belt
was toonarrow for the sheave and was running on the inside diameter of the sheave. To solve this

problem asteel extension was added to position thetaor further from the agitator shaft. This allowed
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a larger and thicker belt to be used. During the first reaction the sheave broke due to high shear stress.

The old machined sheave was replaced with a new, stronger, cast iron sheave.

Because the methan recovery system was not as effective as needed, some water remained in the
reactor after distillation. This caused the formation of soap, which binds up with the biodiesel and
glycerol. Further tests depend on an improvement to the methanol recovgstesn as the methanol

needs to be removed from the mixture (by vacuum distillation) before any attempt to clean off the soap

can be made.

Despite a few problems, Rinnova is still confident in the functionality of the system. Most major
components worked @intended (or better than expected). With a few small tweaks, the system would

produce a high quality biodiesel.

4.5. Biodiesel Quality Testing

The final product of thisystemmustbe of high quality. The most standard metric of qualitgrsvided

by the Anerican Society of Testing and Materials (AST8&e Appendi®). It is the standard which
governs large scale biodiesel makers, ensuring a high level of quality. Unfortunately, obtaining a
complete test is very costly and imeconomical for the scale of this project. However, there are a

number of tests that can be done with the equipmemiailableat CalvinCollege.

45.1. HPLC

A variety of methodscan beused to test for conversion and purity tfe biodiesel finished product.
Traditionally, this is done by High Temperature Gas Chromatography (HTGC). Here at Calvin there are
about six Gas Chromatograms, but none of them can operate at the temperatures needed to test
Biodiesel. In addition, HTGCs need specific columns tdiediesel, which Calvin does not own, and

they range in cost between $500 and $1000. Therefore, another metlastheeded.

In recent years industry and academia have found that testing can be done by way of High Performance
Liquid Chromatography (HPL&Jired with either an Evaporative Light Scattering Detector (ELSD) or a
Mass Spectra Detector. While Calvin does have an HPLC we do not have either of the detection
methods that are typically used. The detection method that the Calvin HPLCs emploitres\dolet

and Visible Spectrophotometer (JXs). The UWis detection is based on the absorption spectrum of

the sample to be tested. There is a conversion that can be made between absorption and composition
that follows the Beetambert Law. For @iven path length concentration varies linearly with
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absorption and the slope of which is the molar absorptivity. This poses a problem in that the feedstock
that is used has a wide and varied composition of polgaturated fatty acid groups attached tbe
glycerol backbone of the feedstock. These double bonds change the molar absorptivity so that the

actual concentration can be skewed when analyzing an HPLC reading.

The first problem was to find an appropriate column to separate the componentsctiraprise the
feedstock and the biodiesel. After reading many research papers there seemed to be a trend in the type
of columns that were commonly used. This column is packed with Cyanopropyl and has the dimensions
of 250x4.6mm id, 5um inlet. To buywethese columns are $530. Howevamong thecolumns that

Calvin inheritedfrom a Pfizer plant theravere two brand rew columns; the Chemistrydpartment
generously donated them to th project The next problemvasto find the appropriate method for
separation. The method i® draw a 20uL sample with a mobile phase diaxane fortified with 0.4%

acetic acid at 1 mL/min with a column pressure not exceeding 150 bar. This method was derived from a
research paper from Foglia et. aFigure4-6 is a reading of several samples that shows that the methyl

esters can be successfully separated from the mpdeand triglycerides.
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Figure4-6: HPLMReport
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4.5.2. Other Testing Methods
Thele are a variety of other quick tests that can be performed on biodiesel to ensure quality. These

tests are detailed in Appendix
5. Budget

5.1.  Sources of Income

As a Calvin College Senior Design Project some funding will comeéhigoBEngineering Department.

This will be in the range of $200 to $300. This amount would not be enough for this group to make the
system desired (both in scale and complexity) and a much smaller system would have to be done
instead. To obtain addition&linding, a grant proposal was submitted to the Energy Office of Michigan

on September 7, 2007. The grants are awarded annually for small scale renewable energy projects. On
October 16, 2007, notification of selection was received via email. This @00 will fund the
materials and components that will be needed for the construction of the process along with the
reagents that will be needed for the conversion. To satisfy the conditions of the grant, work must be
done to educate the local communitgdhools and businesses) about biodiesel (refer toSketion6 for

further details).

5.2. Expenses

The purchases made by Team Rinnova were divided mainly into two categories: mechanical fabrication

and chemicals and testing matelga The team received a funding of $6,000.00 from the Michigan State

Energy Department and $500.00 as basic funding from the Calvin College Engineering Department. As
LISNJ 6KS NBIljdZANBYSyiGa 2F (KS aAOKAIIlY (redbvar$he 9y SNHE
duration of this design project are reported iAppendix O. The expenses for the mechanical
O2YLRySyida 6SNB dza SR {2t thatlobwhikhOrclidSs the Kiler, thedreadid®, Y Qa  LJI
the methanol condeser, the polishing column, and the electrical controls unit. The portion of the
expenses used for the chemicals were divided between two categories. The first involved the purchase

of raw materials for use in converting the feedstock into biodiesel. seo®nd half was allotted for

acquiring chemicals for testing and analyzing the fuel samples.

6. Education

Part of the stipulation for the funds of the grant is that we are to perform educational presentations, a

minimum of four. These presentations shoul@lg the community to better understand what
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renewable and reusable energy sources are. Our project should highlight biodiesel as a source of energy

as an example of what can be done to capture unused energy sources.

The first presentation was at a renable energy conference at the Pierce Cedar Creek Institute on 15
March 2008. About fifty people were present. The focus was on biodiesel from waste vegetable oil as a
source of fuel and our design project. The reactor was described as being able esgpfeedstocks

from various sources including sources that are high in FFA content. Costs of production were
presented and some information on trends of biodiesel in terms of use, production, costs and
feedstocks. There was a positive reception to thespntation. There were active questions, and more
guestions were fielded following the presentation as more individuals expressed curiosity regarding the

project.

The second presentation was to Kalamazoo Christian Middle School. This school has arieggine
week in which the students are introduced to what engineering is and what the work is like. The
presentation was an hour in length in which two engineering disciplines were introduced, mechanical
and chemical. Also, the students were given a presg@n of our project and what biodiesel is and
what it can be used for. The students seemed to be very interested and there were active questions

following the presentation.

A seminar was given on 07 May 2008 at Calvin College. It introduced biodie sdteanative fuels and
their potential as energy sources. The project was introduced in relation to other alternative fuels. The
technical aspects of the design were presented, including chemical experiments and testing, mechanical

processes, and altaate solutions.

The process was explained in detail to the entire graduating engineering class from Calvin College on 28
April 2008. The entire process was explained, including mechanical and chemical components. Also,
some of the rationale for designintpis sort of process was explained, and conclusions regarding
economic and environmental feasibility were drawn. The audience was very attentive and interested in

the project, asking numerous questions after the presentation was complete.

The biodieseproduction process explained here was also described to a group of approximately 300

people associated with Calvin College (students, parents, faculty, staff) at an annual project
presentations on 03 May 2008. This was an informal presentation in whitdkenous individuals were

able to examine the physical reactor and samples of products from the reactor. The audience asked

many questions regarding technical processes, economic feasibility, and long term potential of the



technology. There was a great dleaf interest in this project, particularly regarding its economic
prospects as compared to rising automotive fuel prices. A modepth presentation was given to
approximately forty individuals later in the day detailing the process advantages aadvdigages, as

well as some of the possibilities pertaining to the glycerin byproduct from biodiesel production.

7. Safety Concerns
As with any chemical process, certain safety risks to people and to property are inherent to the process.
Designers must maksure that these risks are accounted for, and are reduced to an acceptable level. To

produce biodiesel using the system specified here, several safety concerns are apparent:

7.1.  Flammability of finished product

Biodiesel is, by definition, a flammable submsta. During processing, this flammability will not be a
great concern, as the biodiesel will be mixed with watejch inhibits combustion After production,
however, the diesel will be stored. This will require a-fireof cabinet or other specialidecontainer

such as a fuel tank in which the product would remain when not in use. Fireproof cabinets are available
in Chemistry and Chemical Engineering laboratories. Also, sparking equipment and flames will not be
allowed inside the reactor area. Eagpion proof electrical systenwould be required for all operations

inside a closed building.

7.2.  Tipping Hazard

To make best use of resources and energy, the biodiesel production system will be designed to
incorporate as much gravity feeding (as opposedequiring pumps to transfer liquids between parts of

the system) as possible. To accomplish this, some components will be slightly elevated (on the order of
a few feet, at most). However, this creates the possibility for a component to fall over, canjsiryg

and/or damage. This risk will be averted as much as possible by the design and construction of

appropriate support structures, as well as appropriate balance of height and pumping capacity.

7.3.  Security z Unattended Equipment and Chemicals

Given thatthis biodiesel production system cannot be attended at all times, some thought must be
given to its security. The system will be constructed in an academic building, which will be locked when
not in use. However, this level of security is deemed inseffic given the potential for damage if
intentional or unintentional tampering with the system occurred. As such, the controls for the reactor

can be locked when unattended to prevent any unauthorized access to the system. If in the future this
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should pove to be insufficient, a lockable enclosure could be constructed around the system to protect

it from unauthorized access.

7.4. Corrosive Chemicals

The production of biodiesel requires the use of small quantities of highly corrosive sulfuric acid, as well
as snall quantities of other slightly corrosive acids. To mitigate risks associated with handling such
chemicals, all such chemicals will be prepared and stored in chemical laboratories or chemical storage
cabinets, and will be brought to the biodiesel protan area only at the time of use. Also, all

components of the reaction system will be designed to withstand corrosive chemicals.

7.5. Toxic Chemicals

The production of biodiesel requires the use of methanol, a chemical which can be harmful or toxic to
humans. To mitigate risks associated with the handling of methanol, all methanol (and products derived
from it) will be prepared and stored in chemical laboratories or other appropriately ventilated areas, and
will be brought to the biodiesel production area grdt the time of use. Also, the reaction system can

be vented to the outside, if necessary, to prevent contamination inside a building in case of an accident.

7.6. Waste Disposal

The production of biodiesel also produces small amounts of byproducts, the essiag of which are
outside the scope of this design. For this reason, the production process will be designed such that a
minimum amount of waste is produced, and such that the waste which is produced will be of a quality
which can be disposed of easilRefer toSection8 for further information regarding waste streams and

their environmental impacts.

7.7.  Material and Chemical Transport

It will be necessary to transport chemicals, waste vegetable oil, and perhaps other maiterihs
production of this biodiesel. To maintain high standards during these processes, and thus to reduce the
risk of accident, procedures will be formed that will be followed whenever such transport processes take
place. Secondary containment mustfracticed when transporting laboratory chemicals to ensure that

no inadvertent spills take place.

7.8.  Personnel Precautions
To ensure maximal personnel safety, a number of safety precautions will be enforced. These will likely
include the use of appropriateersonal protective equipment (PPE). Food products will not be allowed

inside the reaction system area. Also, explogpooof electrical equipment might be used to prevent
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accidental explosions in case of a gas leak. Spill containment will be usedr@attor system vicinity
to prevent broader contamination in case of accident or leakage. Finally, material safety data sheets

(MSDS) for the appropriate materials will be posted in the immediate vicinity of the reactor system.

8. Environmental Concerns

Thetwo-step catalyzegbrocess of converting WVO into biodiesel involves substances and waste streams
that pose hazards to the environment. For the current chemical reactions being used in this process,
measuregnust be taken to ensure that the reactants deept under control within the reaction vessel.
Likewise, the waste streams that emerge from this should be disposed of in a proper manner in

accordance to their chemical properties.

The design of this system includes the processes of filtration, regadiiod washing. The first of the
waste streams in this system come from the filtration section. The waste vegetable oil taken from Calvin
Dining Services has food particles and a small amount of water that must be removed prior to the
reaction. The foogbarticles are captured via a coarse filter and a fine filter. The waste streams from the

filter are easily disposed of and do not pose as much concern as those produced in the reactor.

For the aciecatalyzed process, methanol and concentrated sulfurid ace required to esterify the
graasS 2AtQa FTNBS Fride I OARa® la YSGKIFy2f LkaSa
substance, the reactor was designed to contain all vapors and liquids (refer to S&ctidhe esterified

oil is then allowed to settle into two layersone of oil and another of viscous glycerol. Some of the
glycerol is treated with a diluted phosphoric acid wash and returned to the vessel for theatadgzed
transesterification, while e remainder is disposed of. Due to its fluid properties and chemical
composition, great care should be put into treating it as a waste stream. A vessel can be situated
underneath from where the glycerol seeps out and for collection. The collectedrgllycan be

composted, incinerated, or processed for further use (refer to Se&ign

In the basecatalyzed process, the reactants pose an even greater hazard than those used in the acid
catalyzed reaction. Sodium methogida highly toxic and caustic substance, is used as the catalyst for
this reaction with methanol as the reactant. When this reaction is finished, the mixture separates into
two layers. There is lightewlored layer of untreated biodiesel, and one of kiarcolored aqueous

waste. As with glycerol, this waste stream should be treated accordingly with its chemical and fluid

properties.
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The untreated biodiesel requires several washing stages to get it to a standard that is usable by most
vehicles. A typal wash would involve an initial dilute solution of phosphoric acid along with
subsequent washes of water. The first wash is usually unusable and is therefore discarded, but the
remainder of the washes can usually be reintroduced into the vessel uefl thach a point where
another fresh stream should be used. The waste water is often recyclable after the first wash when the

majority of impurities are removed from the biodiesel.
9. Team Member Responsibilities

9.1. Adebo Alao

Was responsible for the design amrdnstruction of the filtration system. This entailed picking a filter
that is small enough to capture the impurities in the waste vegetable oil as well as designing it. Also, a
filtration column' was designed which Wilold the filter. Adeb@erformed pessure loss calculations to

determine the head loss across the column.

Adebowas also responsible for the design and fabrication of the heating system.pewat; andheat
loss calculationsvere performedto determine the power ratings of the heaters weeeded forthe
system. Subsequently, tmurchased the approjeite heaters and fabricated the structure necesstry

mount them inside the reactor

Heworked with Fred to design supports for the different components in oatesy. Finally, Adebo was

respasible forcosmeticsgainting the system and makinglétok presentablg.

He can be contacted by mail 22984 Fleet Terrace, Sterling, Virginia 2008y phone at 61212
5447.

9.2.  Joshua Harbert
Was responsible for the design and selection of the reae&ssel and its associated functions. He did
research into various options for the vessel and assisted in selecting the one which was eventually

purchased.

Much of his efforts for the Spring Semester were directed at mixing and piping. Joshua reseathed
evaluated the tradeoffs between agitator and pump mixing and decided on agitator mixing. He then
spent significant time working on the design of the agitator and the motor mounting systeich

included detailed CAD drawings for machinir@nce theagitator design was completed, Joshua focused
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on fabricatingthe agitatorand testing to ensure adequate mixingjo determine a good piping network,
pressure loss calculationsere made,a piping design was selected, and appropriate fittings were
ordered Once materials arrived, Joshua soldered and assembled the piping neandrperformed

repeated tests to ensure there were no leaks

Joshua was alsia charge of theorganization and compiling of the major reports. He coordinated the
efforts of the team regarding the writing and presentation of the PPFS and the Final Repetiring a
uniform style and quality presentation of the materiaHe also was in charge of keeping the team
website current. Beyond his main responsibilities, Joshua helped wiiere needed with the

constructionand desigrof other sections of the system.

Joshua intends to work full time in the city of Chicago after graduation in the field of Mechanical

Engineering.He can be contacted at: joshua.harbert@gmail.com.

9.3.  Mitch Kenyon

Was ceresponsible for the lab work, trouble shooting and of running the reactions and-spdleat the
system will be using.He did d the research, feasibility and methodor the HPLC testing. Also the
acquisition of the instrumentation need fohé¢ HPLC was done by Mitch. Additionally, a previously
unused method of testing for conversion of the reactions and purity was developed. Per the grant
requirement the group was committed to giving educational presentations. Mitch was responsible for
finding contacts and setting up schedules for the presentations along with giving some along with other

members of the group.

Mitch was responsible for the design and construction of the methanol condenser. This includes finding
a vacuum pump, vessels, a vbgior and determining the capacity and cooling needed for vacuum
distillation. Additionally, boiling point experiments were performed to determine the level of vacuum
needed to perform the devatering of the feedstock and the methanol recovery. All iizdiion of this

part of the system and the skid that all the components rest on was performed by Mitch as well.

A robust calculation of the energy requirements and operating costs of the process along with the
material additions and balance for a given dfatsize was done by Mitch. The spread sheet that was

made includes all of the materials that are needed, in measurable units, which can be used as an
operating template. The spread sheet also includes the total cost per batch and gallon of biodiesel

produced.
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Various other smaller tasks were done as well such as helping other members of the group. Finding
used parts. A heat of reaction calculation was completed along with a UNIFAGigajsbequilibrium

model. Mitch helped with biecking chemical congpibility of different materials of construction.

Mitch Kenyon will be going straight to work after graduation at the Albemarle Corporation. He is
intending to work for a time before returning to school to attain a Masters Degree WCBémnical

Engineemg. He can be reached at: pyrrhusllii446@gmail.com.

9.4.  Christian Ocier

Was primarily responsible for performing the testing of the chemical reactions in the laboratory. He
spent the majority of the fall semeste@esearching alternative methods to the stamdgprocedure for
making biodiesel angerformed smaltscaleexperiments in the lab to test reactiotisat convertwaste
vegetable oil into biodiesel.This included testing with changing reaction temperatures, catalyst
guantity, reactant quantity, and re#ion times. He also tested an alternative reaction that involved
using a different catalystequiringless than half the reaction time needed to convert waste vegetable

oil into biodiesel. Christian perfomed testing on biodiesel with theSYM standardests that could be
approximated in Calvin College's facilities such as a test for acid number, cetane index, flash point,

freeze point, viscosity, and sulfur content/copper corrosion.

Next year, Christian will remain at Calvin to finish a Chemistry Degké® can be contacted at:

tristanidyll@gmail.com

9.5.  Fred Thielke

Was responsible for much of the planning and organizing of the various parts of this project. He was
also primarily responsible for the pestatment of the biodiesel, which included washiagd polishing.

He was also primarily in charge of designing and fabricating supports for the various system

components, including designing the arrangement of all components on a pallet.

Calculations were performed to analyze head loss for variousgroations of a polishing column in
order to optimize polishing column design and to choose an appropriate recirculation pump. In
addition, numerous iterations of drawings detailing component layouts were performed before arriving
at a satisfactory arrarggnent. Finally, several tipping point calculations were performed in order to

ensure that the overall system would be stable even while being transported.
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Fred was also responsible fdesigning and implementing all electrical wiring and controls. Witichm
assistance from the Calvin College head electrician, Luke DeVries, as well as several others, Fred
determined the various requirements that the controls system would be required to perform. He
produced many sets of circuit diagrams until iteratingatoappropriate solution, and together with Luke

DeVriesmplemented the proposed plan.

After graduation, Fred is planning to work for the summer at the Fermi 2 nuclear power plant near
Detroit. He will then start a graduate program in International Bussnat the Monterey Institute of

International Studies, in Monterey, California. He can be reached via email at FredThielke @gmail.com.
10. Conclusions

10.1. Recommendations for a Second Prototype

A coarse filter would be recommended for the second prototype as tlseeelot of food remains in the

oil obtained from the dining halls. The coarse filter will be used to remove chicken nuggets, bacon, and
other large food remains before passing it through the 5 micron filter bag to removefitiee

particulates in the all

When the system was tested, there were many difficulties with leaks in the piping. To improve this,
either a different material for the piping such as stainless steel could be used, or the soldering could be
done by a professiondab ensure quality joits. Also, adding flexible tubing at the top of the piping
network made installation much easier to connect the main vertical pipe to the reactor and polisher.

These braided stainless steel pipes should be built into the initial design.

The methanol recoary system should have a second heat exchanger between the reactor and the
tanks. This would keep the collection tanks cool to avoid havingnéthanol revaporize. This would

enable more efficient recovery and would prevent methanol from reaching tbawa pump.

Alternate options for controls for the various process components should be pursued. Completely
electronic controls would be relatively easy to implement and to use, and would allow a wider range of
operational flexibility than is currently aNable. All electronic components could be controlled via a
single microprocessor with appropriate communications and control (relay) attachments. This would
also reduce the number of components which could potentially cause a spark during operatioh, whi

might be a safety concern.
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A sight glass or other means of examining the contents of the reactor during processing would be
immensely valuable in troubleshooting various parts of the process. This should be incorporated into

any modifications of thexisting system or any future systems which follow it.

10.2. Closing Remarks

Rinnova has successfully completed the task it set out toRlanova is confidenthe system produces

KAIK ljdz2 t AGe o0A2RASaSt 4 | t2¢ O2éwérdin ensdhgyay 2 3+ Qa
high level of safetynot just for the operator, but for those around and for the environment. Yet

beyond the system itself, Rinnova hopes that others will be inspireaubysystemwill learn from our
successesyill not repeat aur mistakesand that together we may take another step towarelducing

the current energy crisis.

51



Appendices

A.

B.

BIBLIOGRAPHY

LAB EXPERIMENTS ARESULTS

B-1

PIPING HEAD LOSS CBLATIONS

G1

PALLET LAYOUT

D1

FILTER DRAWINGS

El

TIPPING CALCULATIONS

F1

AGITATOR CAD DRAWBNG

G1

HEAT LOSS CALCULANBHO

HEAT EXCHANGER CAIZJUONS

COPPER GOHEAT EXCHANGERG@ALATIONS

ENERGY AND COST M8TES

HEAT OF REACTION CALATION

BUBBLE POINT CALCUON AND EXPERIMENT®N

HEAD LOSS IN THE BBBIING COLUMN

M-1

N-1

EXPENSES

o1

ASTM STANDARDS ANESTING

DESIGN NORMS

Q1

PHOTOGRAPHS OF TMETEM

R1

ACKNOWLEDGEMENTS

S1

52



A. Bibliography
Encinar, J. M., J. F. Gonzalez, J. J. Rodriguez, anddar.T&mdiesel Fuels from Vegetable Oils."
Energy & Fue|2002: 44668.

Journey to Foreve2007. http://www.journeytoforever.org/biodiesel.html.
Laming, GrahanGL's Ec&ystem Process&007. www.grahamaming.com.
Munchen, Garching, edkood Composiin and Nutrition TablesGermany, 1990.

Pitched Blade Turbine Impeller by Sharpe Mixdtg://www.process
controls.com/York_Fluid/Sharpe_Impellers_Pitched_Blade.html (accessed April 2008).

PORL5 Rust Preventive Pair007. http://www.porl5.com/.

"Powering Oil Independence on PeanutProgressive Policy Institutz007.

http://www.ppionline.org/ppi_ci.cfm?knlgArealD=116&subsecID=900039&contentID=252872.

Sced 40 PVC or CPVC for Pipimf 22, 2006.
http://biodiesel.infopop.cc/eve/forums/a/tpc/f/9481@678/m/2681029531 (accessed April
2008).

Suslick, Kenneth. "The Chemistry of Ultrasouiitig Yearbook of Science and the Fytlg94.

"The Biodiesel Standard (ASTM D 6734ational Biodiesel Boar@007.

http://www.biodiesel.org/resources/fuelfactsheststandards_and_warranties.shtm.

Washburn, E.Wnternational Critical Tables of Numerical Data, Physics, Chemistry and Technology.

2003.

Yuan, W., A. C. Hansen, and Q Zhang. "Vapor pressure and normal boiling point predictions for pure."
Science DirecP005: 94350.

Al



B. Lab Experiments and Results

B.1. Fall Semester

B.1.1. Experiment 1
In the first experiment 100mL pure vegetable oil was used for conversion to biodiesel. The benefit of

this approach is that there is typically less than one percent Free Fattg f€¢idh) which means that
there does not need to be an esterification pretreatment. There are fewer impurities and therefore

there is less to go wrong.

A sodium methoxide catalyst was prepared by adding 1.57g of sodium hydroxide (NaOH) to a volume of
60mL of methanol (MeOH). This made more than enough catalyst for the batch. This was done,

because it takes approximately 24hrs for the NaOH to dissolve in the MeOH.

The vegetable oil was heated to 60°C and the catalyst was added along with 8mL of Wexidaction
was heated and agitated for two hours. The heating was uneven due to a lack of accurate temperature
control. The reaction produced very little glycerol. This is an indication that there was poor conversion

and this is most likely due to umen heating with broad temperature swings.

B.1.2. Experiment 2
A sample of 100mL of WVO feedstock was measured. The WVO was heated to 60°C and vacuum filtered

through filter paper to remove the impurities. The oil was then heated in glassware that had a
condendng column this was done to remove any water that the oil may contain. It was assumed that
there was 5% FFAs and based on this 10.5mL of MeOH was added and 0.1239mL of sulfuric acid. This
mixture was heated to 55°C and agitated for one hour. Then itheistvas turned off and the mixture
remained on the heat for an additional hour. After this process the mixture was poured into a
separation funnel and allowed to settle over night. After settling overnight there were two distinct
layers, the upper layewas the esterified WVO and the lower layer was the water and sulfuric acid. The

lower layer was separated.

The esterified WVO was heated to 60°C and enough MeOH and sodium methoxide was added for a 5%
FFA batch. The mixture was heated with agitatianafo hour and then heated without agitation for an

hour. The mixture was poured into a separator funnel and allowed to settle over night. The next day a
distinct glycerin layer was observed which was separated. The remaining mixture was biodiesel, which

was titrated with Phosphoric acid.
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Of the biodiesel that was made, approximately 5mL was washed with water and allowed to settle for an
hour. The water was drained and the fuel sample was washed again. On the third washing the fuel was
vigorously agita¢éd with water and allowed to settle over night. The next day three layers formed a
water layer, emulsion layer, and clean fuel layer. The emulsion that formed is undesired, it indicates

poor conversion.

B.1.3. Experiments 3&4

Two batches were run simultaneously 50mL batch and a 100mL batch. For each batch a different
percentage of FFA was assumed, the 50mL batch was assumed to have 18% FFA and the 100mL was
assumed to be 6% FFA. Not Every WVO feed stock is going to have the same fraction of FFAs. While the
feed stock that is most readily accessible should all be about the same FFA fraction, this fraction is
unknown. The goal of this experiment is to assume an FFA concentration and see which gets better
conversion. The 18% FFA batch should be an upperdimuthe amount of FFA present, while the 6%

FFA is just slightly higher than was assumed for the second experiment. The second experiment had
poor conversion and a possible reason for this is that the assumed FFA concentration was too low and
the MeOH ad catalyst amounts were too lowTableB-1 lists the reagents that were added for each

batch.

TableB-1: Experiments 3 and 4 Reagent Additions

Esterification Transesterification
WVO Vol (mL) | MeOH (mL) | Acid Cat (mL) | MeOH (mL) | Base Cat (g)
6% FFA | 100 15.5 0.149 23.36 0.375
18% FFA 50 10.5 0.124 8.07 0.164

A process similar to the process for Experiments 1&2 was used for these batches. The only changes
were that the Esterificdon and the Transesterification were mixed and heated for the entire duration of

the reactions.

B.2.  Spring Semester

Due to the variability of the product derived from experimentation conducted the fall semester,
laboratory testing continued into the springreester to ensure that a satisfactory product could result
from a set methodology developed from literature procedures and by trial and error. The first series of

experiments conducted in the laboratory used the following experimental conditions givEabieB-2
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for converting waste vegetable oil into biodiesel. Filtered and dewatered waste vegetable oil was used

as the feedstock for these reactions.

TableB-2: Experimental Conditins Used for Testing in Early Spring

Sample Size 100 g

Acid Catalyst Sulfuric Acid
Base Catalyst Sodium Methoxide
Quantity of Acid Catalyst obmnn >
Quantity of Base Catalyst ndécpn >]
Methanol Volume for Reaction 1 12 mL

Methanol Volume for Reaction 2 15 mL
Temperature for Reaction 1 npx/
Temperature for Reaction 2 cpx/
Reaction Time for Acid Catalyzed Chemistry 1 hour

Reaction Time foBase Catalyzed Chemistry 2.5 hours

The samples were mixed in 250 mL Erlenmeyer flasks with magnetic stirrers. Constant vessel
temperature was maintained by keeping a sheet of aluminum foil underneath the flask. After each
reaction, the vessel contentsere drained into separatory funnels to decant the fluids that separated

from the oil and the fuel.

2 aKAY3 gta LISNF2NY¥SR o0& FRRAYy3I on 3 2F RAAGATES
Phosphoric Acid was added to the washed fuel to neutralize the base catalyst remaining in the mixture.
These washing procedures were repeated two to thrieees or until the washing water emerged clear

from the funnel. The fuel should be left exposed to air to allow water entrained in the fuel to evaporate.

Unfortunately, these series of experiments did not show conclusive results. A separation of arghnic
aqueous layers did not form for either the acid or base catalyzed reactions. A reexamination of the
literature procedure showed that the first procedure used in the early part of the spring had assumed an
underestimation for the quantity of catalysteeded for each reaction. A revised experimental
procedure was rewritten to determine a better procedure for achieving better conversion. The new

reaction parameters are given rableB-3.

TableB-3: Revised Experimental Variables

Sample Size 100 g

Acid Catalyst Sulfuric Acid
Base Catalyst SodiumHydroxide
Quantity of Acid Catalyst 12 mL

Quantity of Base Catalyst 0.35¢
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Methanol Volume for Reaction 1 12 mL

Methanol Volume foReaction 2 15mL
Temperature for Reaction 1 npx/
Temperature for Reaction 2 cpx/

Reaction Time for Acid Catalyzed Chemistry 2 hours

Reaction Time for Base Catalyzed Chemistry | 2.5 hours

These experiments showed better results than the first reactdah An appreciable separation was
achieved between layers, and there was a layer of glycerin in the base reaction that showed how well
the reaction had progressed. However, even with an improved reaction procedure, the glycerin color
varied from sampléo sample. What one should expect after reacting with base catalyst is a dark brown
layer that separates from the fuel. There were several samples where the glycerin layer was a light tan,

thus signifying that an incomplete conversion may have happemé#uki reaction.

When these samples were washed, a thick layer of soap formed an emulsion with the fuel. This
confirmed the speculations that some of these reactions were incomplete. Little to no fuel was

extracted from the samples since soap formed pvime water was introduced into the vessel even if

an appreciable amount of dilute phosphoric acid had been added to the methyl esters. While some
samples showed little soap formation, the majority of this sample set did not achieve a complete

conversia.

A review of another literature procedure gave a method for introducing an excess of methanol into the
reacting system. A 6:1 ratio of methanol to triglycerides was used for the acid reaction, with 2 wt% of
the reaction mixture comprising of acid chtst to esterify the free fatty acids. For the base reaction, a
10:1 ratio of methanol to triglycerides was used along with a 1 wt% of the reaction mixture. The first
reaction was conducted at a temperature g %, ivhereas the second reaction was conducted @b6/

The reaction times were kept at 2 hours and 1 hour for the acid and base reactions, respectively.

As with previous reactions, there were variable samples where profuse saponification would prevent
fuel from separating from the soap emulsion. However, this set of samples generally had darker

glycerine than that which settled down in the earlier set of reactions.

As scale up of the reactions was needed to better simulate the quantity and geomethe dinal
design, the reaction size was increased to one liter. Since the magnetic stirrers provided did not give

sufficient mixing for a sample of this size, an electronically operated agitator in the chemical engineering
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lab was used to agitate the mixes. The mixer was set to a velocity of 1000 rpm. Reactant and catalyst
amounts were scaled up from the amounts given in previous experiments. The best parameters to scale
up from seemed to come from the methodology where a 10:1 ratio of methanoligtyterides was

used for the acid catalyzed reaction. It was during this set of reactions that it was concluded that
agitation played a large part in helping the reaction move towards a better product. These one liter

scale reactions were repeated urdilconsistent set of product came from this procedure.

The last scakeip reaction prior to the run in the reactor itself was performed with 14 liter batch of
waste vegetable oil. The reaction vessel used for this batch was the glass reactor unit herttieat
engineering lab. A NESLAB unit was used to introduce water into the jacket to heat the mixture for the
acidcatalyzed process. The second reaction was similarly heated, but since the NESLAB was unable to
reach temperatures required to heat the s®el contents, the hot water line was connected to the
jacket. Since heat was insufficient, the reaction time was increased to four hours. Methanol was also
added in excess to the reaction vessel to ensure a complete conversion. When this fuel was, washe

was discovered that a profuse amount of soap had formed in the vessel. 200 mL of dilute phosphoric
acid was added and the mixture was agitated to separate the mixtteok at least four washes to rid

the vessel completely of soap. This haswaiehat the minimum value for the experimental parameters

must be met if satisfactory conversion is desired.

Subsequent experiments in one liter scale were conducted by varying a few sample parameters to
assess the most appropriate procedure for produdigdiesel, but through this experimentation, it was
determined that methanol to triglyceride ratio is the best variable for achieving the best conversion.
Conversion is tested in this experimental set by the amount of soap formed, and it appears that as

methanol content increases in the reaction vessel, the soap formed decreases as well.
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C. Piping Head Loss Calculations
These calculations compute pressure losses in the piping network. They were used to properly size the

recirculation pump.

C.1EES Equations

!****************lnputs****************" n_UnIOﬂ[pOhSh] - 4
n_45[mix] = 2
"ITitles" n_45([filter] = 2
mix =1 n_45[polish] =0
filter = 2 n_threaded[mix] = 0
polish =3 n_threaded[filter] = 0
n_threaded[polish] =0
"IFlow Rates" K_L_other = 5 "provides a safety factor on minor
/IVol_dot[mix] = Vol_dot loss calculation”
/IVol_dot[filter] = Vol_dot "Head Losses through Filter and Polishing
/IVol_dot[polish] = Vol_dot Column"
Vol_dot[mix] = 45 [gal/min] h_other(filter] = h_other[polish]*.8
Vol_dot[filter] = 8 [gal/min] h_other[polish] = 4*Vol_dot[polish]/(1 [gal/min-
Vol_dot[polish] =7 [gal/min] ft]) + 1 [ft] "Curve fit on Polishing Column
Calculations™
"IGeometry” h_other[mix] = 0 [ft]
"Pipe"
D_pipe =.75[in] "10il Properties”
epsilon = 0.0003937 [in] rho =.9068 [g/mL] * convert(g/mL,lbm/in3)
"Vertical Distances" nu = 30 [centiStoke] *
h_1=3][in] convert(centiStoke,in2/min)
h_2 =36 [in] g = g#*convert(ft/s2,in/min2)
h_3 =6 [in] C_p =.5[BTU/Ibm-F]
h_4 =3in]
"Horlzontal Dlstances" "!****************CalcuIations****************"
d_1=22][in]
d 2=17]in] "IGeometry”
d 3=8]in] A_pipe = pi*.25*D_pipe”2
d 4=15]in] "Vertical Head"
"Vessel" z[mix] = (h_3)*convert(in,ft)
Vol_total = 50 [gal] z[filter] = z[mix]
z[polish] = z[mix]
"IHead Losses" "Pipe Length"
"Number of Valves, Joints, Entrances, Etc." L pipe[mix] =h_1+h 2+ h 3+d_1+d 3
n_valve[mix] = 3 L pipe[filter] =h_1+h 2+ h_3+d_1+d 2*2+d_3
n_valve(filter] = 4 L_pipe[polish] =h_1+h 2+ h_3+d_1+d _4+h 4
n_valve[polish] = 3
n_tee[mix] =4 "ILosses"
n_teef[filter] =4 Duplicate i=1,3
n_tee[polish] = 4 Vel[i] = Vol_dot[i]/A_pipe*convert(gal/in"2-
n_elbow[mix] = 0 min,in/min)
n_elbow(filter] = 0 Re[i] = Vel[i]*D_pipe/nu
n_elbow[polish] =1 fli] = 64/Refi] "Laminar Flow Friction
n_entrance[mix] = 1 Coefficient"
n_entrance[filter] = 2 /11/sqrt(ffi]) =-2.0 *
n_entrance[polish] = 2 log10((epsilon/D_pipe)/3.7 +
n_union[mix] = 4 2.51/ (Re[ i JTurbuent&lgwf [ i ] ) ) )
n_union(filter] = 6 Friction Coefficient"
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K_L_total[i] = n_valve[i] * .05 + n_tee[i] *2 + "IPump Head"

n_elbow[i] * 1.5 + n_threaded[i] * .08 + h_pump[i] = h_L_minor[i] + h_L_major[i] + z[i]
n_entrance(i] + n_45[i]*.45+ n_union]i]*.08+ + h_other]i]

K_L_other h_pumpli] = DeltaP[il/(g*rho)*convert(psi-
h_L_majorli] = min2-in2/lbm,ft)
fli]*L_pipe[il/D_pipe*Velli|*2/(2*g)*convert(in,f W_dot_pumpl[i] =

t) h_pumpli]*g*rho*Vol_dot[i]*convert(ft-lom-
h_L_minor[i] = gal/min3-in2,hp)
K_L_total[i]*Vel[i]*2/(2*g)*convert(in,ft) End

C.2EES Solutions

Vol_dot[i] | h_pump[i] | DeltaP[i]| W_dot_pump[i]| h_L_major[i]| h_L_minor[i]| z[i]

[gal/min] | [ft] [psi] [hp] [ft] [ft] [ft]
Mixing 45 272.4 107.1 2.811 16.79 255.1 0.5
Filtering | 8 36.74 14.44 0.0674 4.339 8.697 0.5
Polishing| 7 39.28 15.44 0.06305 2.96 6.815 0.5

h_other[i] | K_L_total[i]| L_pipe[i]| Re[i] Ve[i] f[i]

[ft] [-] [in] [-] [in/min] [-]
Mixing |0 15.37 75 6325 23529 0.01012
Filtering | 23.2 16.58 109 1124 4183 0.05692
Polishing| 29 16.97 85 983.9 3660 0.06505

Unit Settings: [F)/[psial/[lbm]/[degrees]

Apipe = 04418 [in?] C, =05 [BTU/Ibm-F] dy =22[in]
d, =17 [in] d; =8 [in] dy =15 ]in]
Dpipe =075 [in] £ =0.0003937 [in] filter =2

g = 1.390E+06 [in/minZ] hy =3 [in] h> =36 [in]
hy =6 [in] hy =3 [in] KL ather =2
mix =1 v =279 [in2/min] polish =3
p = 0.03276 [Ibm/ind] Vol i =20 [gal]
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E. Filter Drawings
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F. Tipping Calculations
These calculations werused to ensure that the pallet would not easily tip with the reactor and other

components mounted on top.

F.1.EES Equations
"ITipping Force Calcs"

"Reaction Vessel Dimensions"

H_vessel=88[in] "Height from the bottom of the stand"

w_b_vessel=16][in] " base width"

W_vessel=650[lbf] "weight of reaction vessel including agitator and heaters"

"Force Calculation using moments in the x-axis"
F_tipping_vessel*H_vessel=W_vessel*w_b_vessel/2

"Polishing Column Dimensions"
H_polisher=69[in]
/lw_b_polisher=6[in]

W_ polisher=50][lbf]
F_tipping_polisher=20[Ibf]

"Force Calculation”
F_tipping_polisher*H_polisher=W _polisher*w_b_polisher/2

F_tip*H_tip = m_pallet*L_pallet
H_tip = 48 [in]

m_pallet = 800 [Ibf]
L_pallet =18 [in]

F.2.EES Solutions
Unit Zettings: [kJ]C]kFa)ikal[degrees]

Fiip = 300 [lisf] Flipping,polisher = 20_[lixf] Flipping vessel =59.09 [Ibi]
Hpolisher = B3 [in] Hijp =48 [in] Hyessel =88 [in]

Lpallet =18 [in] Mpallet = 800 [lbf] Wh,polisher = 59.2 [in]
Whvessel = 16 [In] Woalisher = 20 [I] Wessel = B0 [Ik]
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G. Agitator CAD Drawings
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H. Heat Loss Calculations

These calculations calculate the rate heat is leaving the reactor vessel both in the first reaction and

during the second reaction. They were used to properly size the heaters for this system.

H.1. EES Equations

"IPower Calculations"
"Mass Reactor"
m_reactor=200[lbm]*convert(lbm,kg)

"Cone Dimensions"
h_cone=14[in]*convert(in,m)
t_cone=0.25[in]*convert(in,m)
D_cone=8.75[in]*convert(in,m) "diameter"

"Oil"
rho_oil=56.81[Ibm/ft"3]*convert(lom/ft*3,kg/m"3)
"density"
eta=35[centiStoke]*convert(centiStoke, m"2/s)
"kinematic viscosity of vegetable oil @ 68
degrees Celcius"

mu=rho_oil*eta

V_oil=45[gal]*convert(gal,m"3)
C_p_oil=1.67[kJ/kg-C] "specific heat"

"Methanol"
rho_meth=791.30[kg/m"3]
V_meth=11[gal]*convert(gal,m"3)
C_p_meth=2.55[kJ/kg-C]

"Stainless Steel Properties"
C_p_steel=0.5[kJ/kg-C] "specific heat"
rho_steel=7800[kg/m"3] "density"

"Temperature Change"
T_f=35[C]

H-1

T_i=25[C]
DELTAT=(T_f-T_i)

"Time"
t=3600][s]

"Volume & Mass Calculations"
V_cone=D_cone/2*h_cone*t_cone
m_cone=rho_steel*V_cone
m_steel=0.90*m_reactor "assuming 90% of the
reactor will be in contact with the oil"
m_oil=V_oil*rho_oil
m_meth=V_meth*rho_meth

"Power Needed"
P=((C_p_steel*m_steel)+(C_p_meth*m_meth)+(
C_p_oil*m_oil))*DELTAT/t

"IHeat Loss Calculations"

A 1=0.7981 [m"2]

A 2=3.348 [m"2]

A 3=0.1552 [m"2]
U_1=4.928 [W/m"2-C]
U_2=0.4636 [W/m"2-C]
U_3=4.928 [W/m"2-C]

Q _dot_1=U_1*A 1*DELTAT
Q _dot_2=U 2*A 2*DELTAT
Q _dot_3=U_3*A_3*DELTAT
"Total Heat Loss"
Q_dot_loss=Q _dot_1+Q dot 2+Q dot_3



H.2.

EES Solutiong Fir st Reaction

Unit Settings: [kJ)[C)kFPalkal/[degrees]

Aq=0.7981 [m9]
Cpmeth = 259 [kdfkg-C]
AT =10 [C]

hoare = 0.3556 [rm]
Mmeth = 32.95 [k]
Mateel = 81.65 [k]
Gz =1552 [W]
Pmeth = 791.3 [kay/m]
t = 3600 [s]

T =25 [C]

Uz =4928 Mm=C]
Yo = 01703 [m7]

A= 3348 [md]

Cpgil = 1.67 [kdfkg-C]
Deane = 0.2223 [rr]
= 003185 [ko/m-s]
mgi|= 155 [k]

P =1.066 [kiw]

Q5 = 7.548 [w]

poil =910 [kg/m]
teone = 0.00635 [rm]

Uy =4.928 DAmeC]
W oome = 00002509 [m-]

Mo unit problems were detected.

H.3.

EES Solutionsz Second Reaction

Unit zettings: [kJ)/[C)/[kFalkal/{deqrees]

Aq=0.7981 [m9]
Cpmeth = 2.55 [kdikg-C]
AT =40 [T

hoane = 0.3556 [rm]
Mimeth = 32.95 [kg
Migteel = 5165 [kg
Q5 =62.09 [W]
Pmeth = 7913 [kay/m]
t = 3600 [5]

T; =25 [C]

Uz =4.928 Pm=C]
Yo = 0.1703 [m]

]
]

Mo unit problams were detected.

Az=3.345 [me]

Cpil = 1.67 [kdfkg-C]
Dcone = 0.2223 [mn]
w= 003185 [ka/m-s]
Mgi = 155 [kg]

P = 4264 [KiW]

Q5 = 3059 [W]

poil =910 [kg/m]
toane = 100635 [m]

Uy =4928 Pim=C]
YW eone = 0.0002509 [m~]

H-1

Az=0.1552 [md]
Cp,steel =05 [kdfko-C]
7= 0.000035 [rm4s]
Meane = 1.957 [k
Migactor = 90.72 [ka]
(4 =39.33 W]

Olgss = B2.5 [¥]

Psteel = 7800 [kgf"ma]
Ti =35 [C]

Us =0.4636 [WmZC]
Winethy = 0.04164 [m?]

A= 01552 [m9]
Cpsteel = 0.5 [kdikg-C]
7= 0000035 [m%/s]
Moone = 1.957 [k
Misactar = 90.72 [ki]
Cq =157.3 [w]
Qs = 250 [W]
Psteel = 7800 [kg,."ma]
Tf =65 [C]

U =0.4636 [/mC]
etk = 0.04164 [




Heat Exchanger Calculations

This calculation calculated the vapor pressures at different reactor temperatures and thereby the

volumetric flow rates needed for a given orifice introduced to the reactor vigegsure drop from

atmospheric pressure. This also calculates the surface area of different diacodemt copper tubes

and heat exchanger surface areas.
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J. Copper Coil Heat Exchanger Calculations

The following calculation is intended to find the exinperatures of methanol liquid and cooling water
from the coiled copper tubing. This is intended to be a conservative calculation in that the proposed
heat exchanger will have a much greater cooling capacity due to the increased surface area. Tlierefore
the coiled copper tubing (worst case scenario) were to perform then the heat exchanger would have no

performance issues trouble.
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Given

PV O [ Tay =~ Tog) + -(pa-v&-ﬁH] + PV Cipg (Tag = Tay) = P Vol Cp [Ty - Ty

T, _-T .
In| ——— | = -4, L, !
Tyi- Tan pVolCp  p oV Cppg

Typy = Fi.nd(T&D Toro)
T 200,142 ‘
et~ | 293 308
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K. Energy and Cost Estimates

The following calculation is intended to calculate both the operating cost on a peh baisis in terms

of both reactant costs and energy costs. This is a template that can be used to optimize the system for
cost and energy and also give the amounts of reactants needed for a batch of a giverhgizeaimbers

in this example are all forlaatch of 35 gallons.

1 gal= 3.785 L
1 Ibs= 0.4536 kg
batch size (gal) 35
batch size (kg) 120.12833

Biodiesel Produced
Conversion 95.00%
(kg or L) (Ib or gal)
mols 407.50
mass 115.54 254.71
vol 131.29 34.69
(Ib WWO)/(gal BD) 7.63

cost
Density (g/mL) MW (g/mol) ($/gal)
WVO 0.9068 846.528 $1.13
FFA 269.493
BD 0.88 283.52
Glycerol 1.261 92.09
Methanol 0.7918 32.04 $2.50
Sulfuric Acid 1.84 98.078| $109.58
KOH 56.016 $6.00 $/Ib
(g/mol)
Oxygen 0] 15.9994
Carbon C 12.011
Hydrogen H 1.008
Sulfur S 32.06
Sodium Na 22.9898
hydroxide OH 17.0074
carboxyl group COOH 45.0178
Glycerol backbone| C3H503 89.0712
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Acid Reaction

(kgor (Ibor
L) gal) Cost
FFA content (wt frac) 5.00%
mass 6.01 13.24
mol 22.29
TG mass 11412 251.59
mol 134.81
Sulfuric Acid (g SA)/(g FFA) 0.05
mass 0.300 0.662
vol 0.163 0.043 $4.73
mol 3.06
Methanol (g MeOH/(g FFA) 2.25
(mol MeOH)/(mol
FFA) 18.93
mass 1351 29.79
vol 17.07 451 $11.27
mol 421.80
MeOH
recovery mass 9.60 21.16
75.00% vol 12.12 3.20 -$8.01
mol 299.63
Totals mass 133.94 150.58
volume 52.23  39.55
cost $7.99
=req input
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Base Reaction

(Ib or
(kg or L) gal) costs
FFA content (wt frac) 0.50%
mass 0.60 1.32
mol 2.23
TG mass 11412 251.59
mol 134.81
KOH Purity 86.00%
(g KOH)/(g TG) 0.011
mass 1.34 295 $17.71
mol 20.56
KOH recovery mass 0.86 1.90 $11.42
75.00% mol 15.42
Methanol (mol MeOH)/(mol TG) 10
mass 43.19 95.22
vol 54.55 14.41 $36.03
mol 1348.12
MeOH
recovery mass 35.18 77.56
90.00% vol 44.43 11.74 $29.35
mol 1098.04
Totals mass 159.26  351.09
volume 89.55 49.41
cost $12.97
=req input
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Insulator; Foam

Mass of Rxn
Vessel 500 lbm
Rxn 1 Rxn2
Power (kW) 1.236 4,944
Heat Loss (W) 30.38 121.5
2-hr Rxn
DeltaT of 5 DeltaT of 1
deg deg
Power (kW) 123.6 24.72
Heat Loss (W) 303.8 60.75
1-hr Rxn
DeltaT of 5 DeltaT of 1
deg deg
Power (kW) 247.2 49.44
Heat loss (W) 303.8 60.75
Insulator: Rubber
Mass of Rxn
Vessel 300 Ibm
Rxn 1 Rxn 2
Power (kW) 1.123 4.49
Heat Loss (W) 62.5 250
2-hr Rxn
DeltaT of 5 DeltaT of 1
deg deg
Power (kW) 112.3 22.45
Heat LossW) 625 125
1-hr Rxn
DeltaT of 5 DeltaT of 1
deg deg
Power (kW) 224.5 44.9
Heat Loss (W) 625 125
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Electricity cost (k\Ahr)
Acid rctn time (hr)
Base rctn time (hr)

Agitator

Pump

Vacuum Pump
heat loss @ 35°C
heat loss @ 65°C
heater

Agitator

Pump

Vacuum Pump
heat loss @ 35°C
heat loss @ 65°C
heater

0.1

Power
(kw)
0.73
0.23
0.365
0.0625
0.25

Power
(kw)
0.73
0.23
0.365
0.0625
0.25

Acid Reaction Totals
Filtering Heat up Distillation
(hr) (hr) reaction (hr) (hr) (KW-hr) $
0.17 2.00 0.50 1.95 $0.19
1.00 0.17 2.00 0.73 $0.07
0.00 $0.00
0.17 2.00 0.50 0.17 $0.02
0.00 $0.00
0.17 2.00 0.05 19.95  $2.00
22.79  $2.28
Base Reaction Totals
Heat up reaction Distillation
(hr) (hr) (hr) Polishing (hr) | (kW-hr) $
0.33 2.00 0.75 2.25 $0.23
0.33 2.00 1.00 0.77 $0.08
0.00 $0.00
0.00 $0.00
0.33 2.00 0.75 0.77 $0.08
0.33 2.00 0.08 21.68  $2.17
25.46  $255
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Inputs Biodiesel Produced
batch size (gal) 32.13 Conversion 95.00%
WVO cost ($/gal) $1.13 (kgorL) (Iboragal)
overall conversion 95.00% mols 375.84
mass 106.56 234.92

Acid Reaction vol 121.09 31.99
FFA content 5.00% (Ib WVO)/(gal BD) 7.60
Methanol recovery 75.00%
reaction time 2

Base Reaction
FFA content 0.50%
KOH recovery 75.00%
KOH Purity 93.00%
Methanol recovery 75.00%
reaction time 2

Energy Stuff
Total Energy input (MJ) 173.72
Energy input/BD mass (MJ/kg) 1.63
Chem>Mech eff 0.322
HHV BR (MJ/kg) 39.5
Mech E delivered (MJ/kg) 12.72
Delivered/Input 8

THE POINT

Energy $4.83 $4.83 $4.83 $4.83
Reactants $67.87 $67.87 $67.87  $67.87
Reactant Recovery -$35.18 0 -$35.18 0
WVO $36.31 0 0 $36.31
Totals Per Batch $73.82 $72.69 $37.51 $109.00
cost/gal BD $2.31 $2.27 $1.17 $3.41
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L. Heat of Reaction Calculation

There is heat that is resolved for the two reactions that thisige is based on. After fruitless research,

it has been determined that there is no good data for these heats of reaction for our system. Therefore
these heats have to be estimated based on assumptions of composition and heats of combustion. There
are four basic assumptions that were made for these reactions. The reason for these assumptions is to
get a first order estimation and also there is very little data available for molecules that are in the oil.
First, the FFAs are assumed to be palimiticsaaichich are carboxylic acids with a saturated 15 carbon
chain. Next, triglycerides are assumed to all have the same carbon chains as the palimitic acid. Also the
heat of combustion of soy oil was used to find the heat of formation for the triglycerigasally, the

methyl esters, biodiesel, that are formed are assumed to be hexadecanoic acid methyl esters, which are

the methyl esters that would be formed from the FFAs and triglycerides that were previously assumed.

The basic idea is that the heat ofrfieation, at standard conditions, of each of the components in the
esterification and transesterification can be back calculated from the heats of combustion of the

species.TablelL- lists the heats of combustion of the componentsed in this calculation.

TableL-1: Literature Values for Heats of Combustion

Heat of Combustion (kcal/mol)| Reference #
Palimitic Acid 2380| X2
Glycerin 379 | X2
Soy Oil 7042 | X3
Hexadecanoic acid, mgyl ester 2757 | X4

hyOS (GKS KSI {3° arg fouh® tanlthe lheay & regction can be calculated by the

following equation.

m
AI’Xn.HO = Z Vi'Af-Hoi
i=1 Eq.1

Ly 9i thestoichiometricO2 SFTFAOASY (G 2F GKS aLISOASa aref Ay (K
species in the reaction. The results of the MathCAD calculation that is to follow are that the heat of

reaction of the esterification is418.6 kcal/mol and the heat ofhe second reaction of the

transesterification is16,4500 kcal/mol.
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kcal

kcal J

Achozzz —94.0518—rnol AthZo_L:: —68.317% Rig = 8'31447m0I~K
Palmitic Acid
kcal
AcH i = 2380——
palmiticA mol
AfH Lin = ACH Lon + 16/ AfH . 5+ AfH ‘ kcal
palmiticA palmiticA AMco2 h2o_L ApraImitic A= _217_907ﬁ
Glycerin
7
kcal
ACHg cherin = —379%

) kcal
Angcherin = ACHglycerin +3 AfHC02+ AthZO_L Angcherin = —8661085
Heat of combustion of triglycerides

145
ACHsoy_oiI_mass'z _3837Og_n" My = 768.42EI
. 3 kcal
ACHsoy oii=ACHsoy oil_masdMtri AcHg gy _gji=—7.042¢ 10—
. | f 4 kcal
Astoy_oiI; ACHSOy_oi|+ ‘ 51AfHCO2+ 4%th20—IT A Hsoy_oiI: -1.519x 10 ﬁ
Hexadecanoic acid, methyl ester (Biodiesel combustion) MJ := 100000C
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MJ gm
ACHyi = 30.8— M = 270.45°—
biodiesel_mass kg hex acid mol
) 3 kcal
AcHpiodiesel= ACHpiodiesel mas¥hex aci Achpiodieser 2571x 107
) kcal
AfHpiodiesef= ACHpiodieser™ 17 AfHcoo+ AfHpog | AHbiodieser ~18936X——

Heat of reaction of Esterification of FFAs

FFA + methanok water+ methyl este!

J
MHmethanol= ~238.41000—

ArHgsterificatior™ AMMHbiodieser AfHh2o_L~ AHmethanor AMHpaimiticA

kcal

AnHgsterification™ —418-64%

Heat of Reaction of Transesterification of Triglycerides

triglycerides+ 3 methanok glycerin + 3 methyl_estel

AHransesterificatiorr 3MHbiodiesert AfHglycerin ~| 3AfHmethanol AfHsoy_oil

4 kcal

AP Hyansesterificatiorr ~1-649x 10 ol
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M. Bubble Point Calculation and Experimentation

To get some idea of the Vapor Liquid Equilibrium (VLE) an experiment was performed to get the bubble
point pressure (BPP) of WM ater system along with a UNIFAC modeINIFAC stands for UNIversal
Functional group Activity Coefficient. It is based on the concept that most organic molecules can be
broken up into smaller functional groups. These groups, when combined with the rest that compose a
molecule, are theorizetb have specific interactions with other compounds. The model draws from a
data base of these interactions. This approach is good when there is little to no data for a system in
consideration. It helps to get preliminary design information. The probéethat it does not always

provide good results.

To build the model there are a few inputs that must be obtained, such as Antoine coefficients of the
species in consideration. This poses a problem in that there is no data on WVO for these numbers, and
even if there was data, WVO changes from batch to batch. Therefore some assumptions needed to be
made. The WVO was assumed to behave similarly to soy oil. This was assumed, because soy oil is
composed of many of the same triglycerides as typical WVQleand are Antoine coefficients available

for this compound(Yuan, Hansen and Zhang 2005Yhe structure of the carbon chains on the
triglycerides was assumed to be twelve carbons long and completely saturated. The Frexidaitss
assumed to be tetradecanonic acid, which is a carboxylic acid with the same saturated twelve carbon
chain as the triglycerides. The Antoine constants for this compound are from the International Critical
Tables(Washbun 2003) A copy of the spread sheet used to calculate the bubble points is included in
this appendix a3 ableM-.

In order to find out if the UNIFAC model is predictive on a design quality basis an experiment was
performed tomeasure Bubble Point Pressures (BPP) at various temperatures. First, dreatsample
of WVO feed stock was prepared, and then a precise amount of water was added. This mixture was
heated to a specific temperature and held constant in a sealed awetai While the temperature is
maintained a vacuum was slowly drawn until the first bubbles appear. The pressure was then be
recorded the process was done again at a different temperature. A picture of the experimental set up is

shown inFigureM-1.



FigureM-1: Picture of Experimental Setup for Bubble Point Pressure Measurements

The measurements of the experiment were taken and then compared to the predicted measurements

of the UNFAC modelFigureM-2 is a plot of the measured BPP and predicted BPP versus temperature.

Experimental and Theoretical Bubble Point Pressures

+
+ e+t
++++++++++++
+

Pressure [torr]

Temp, TynIFAC

Temperature [°C]

FigureM-2: Measured and Predicted Bubble Point Pressures
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As FigureM-2 clearly shows the UNIFAC model is unsuitable for predicting this system. The values that
the model predicts are all slightly less than 10 times too small. If the design for the reactor were based
on these numbers and the water was to be vacuistilled at 60°C, then the vessel pressure would

have to be drawn down to a pressure of 15 torr rather than 117 torr. This simple experiment saved a

great deal of useless design headaches.

TableM-1: SpreadSheet Template for UNIFAC Model

P= 42.9284 mmHg
T(°C)= 98 °C
Antoine Coefficients (mmHg) log10(P**)=A-B/(T+C) where T[=] °C
compl comp2 comp3 comp4 comp5
A 8.08097 11.4785 1.44788 8.07131 6.87601
B 1582.27 -708.72 685.976 1730.63 1171.17
c 239.726 -167.48 -262.3 233.426 224.408
Psa‘[mmHg] 2488.2665 22.331167 0.010494135 707.19802 1751.6158
Yi 0.00000 0.50717 0.00000 0.49283 0.00000
compl comp2 comp3 comp4 comp5
methanol soy oil tetradecanonic acid water n hexane
Xi 0.000 0.975 0.020 0.005 0.000
Yi 0.925 1.000 0.867 5.983 0.384
CH3 3 1 2
CH2 36 12 4
CH
AC
OH
MeOH 1
H20 1
CHO
CH3COO 3
CH2NH2
COOH 1
CCL2
CCL3
CON(CH2)2
i 1E-11 40.95 0.28 0.005 6E-11
N groups 1 42 14 1 6
q 1.4320 27.1680 8.5520 1.4000 3.8560
r 1.4311 32.6910 10.2952 0.9200 4.4998
0 0.0000 0.9933 0.0064 0.0003 0.0000
D 0.0000 0.9934 0.0064 0.0001 0.0000
Iny® -2.0385 -0.0002 -0.4576 -1.5235 -1.0957
Iny®° 0.0000 3.5919 2.1563 0.0000 0.0000
Iny® 1.9609 3.5920 24717 3.3125 0.1398
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N. Head Loss in the Polishing Column

To properly size the pump, calculations were made to determine the head lossgthtthe polishing

column as a function of flow rate.

N.1. EES Equations

"I pressure drop calulations for sizing adsorbent
column of polishing section"

"accounts for temperature change during flow -
not used in this design"

{FUNCTION lam(x)

IF (x < 3) THEN

lam := 180/x

ELSE

lam := 164/x + 7.68/x".11

ENDIF

END

/[d_gamma_t =2*(T_ex-T_in)/T_m

T _m=(T_in+T_ex)/2

/Irho_m =rho_0*273/T_m

/Iw_m=w_1*T_m/T_in

/IRe_h = (1/epsilon|p)*(w_1*d_h/nu)

/llambda = lam(Re_h)

"I Fluid friction and Pressure Drop Calculations™

gamma = dp*convert(kg,g)/(rho*w_1/2/2)
"pressure drop coefficient"

gamma = lambda*|_0/d_el*convert(m,in) "+
d_gamma_t"

lambda = A_1/Re_1+B_1 "friction coeffiecient
curve fit"
A_1 = 360*(1-epsilon|p)/epsilon|p”"3
B_1 = B|p*(1-epsilon|p)/epsilon|p"3

B|p = 1.8 "1.8 for smooth bodies, or 4.0 for
rough surfaces"

Re_1 =w_1*d_el/nu*convert(in,m) "Reynolds
Number before entering Amberlyte"

d_el = psi_1*d_gr "diameter"

"l Data to be supplied”

N.2. EES Solutions

Unit Zettings: [kJCIkFa) kol [degrees]
d=0004016 [m] A= 01524 [m]
h = 20.95 [fi] L= 06096 [rm]
$=0.95 Fe =146k

"estimated values for Amberlyte"
epsilon|p = .6
psi_1=.8

}

mesh = 40 [1/in2] "Amberlyte = 16-50 mesh
size"

d = convert(in,m)/sqrt(mesh) "mean size of
body"

phi = .95

epsilon = .33

d_col = (6 [in])*convert(in,m) "column diameter"

L = (24 [in])*convert(in,m) "column length"

nu = 4.5e-5 [m2/s] "fluid kinematic viscosity"

/Irho =900 [kg/m3] "fluid density"

V_dot = 5 [gpm] "desired fluid flow rate"

V_A =V_dot/(pi*d_col*2/4)*convert(gpm,m3/s)
"fluid velocity calculation”

h_L = f|p*L*(1-
epsilon)*V_A"2*convert(m,ft)/(g#*phi*d*epsil
on”3)

flp = 150*(1-epsilon)/Re + 1.75

Re = phi*d*V_A/nu

"Icalibration data"

{area = pi*d_col"2/4

flow_rate = (4.1 [gpm/ft2])*area*convert(m2,ft2)
dp = (.57 [psi/ft])*L*convert(m,ft)/(.4335 [psi/ft])
}

£=033 =703
mesh =40 [1/ind] v = 0.000045 [m2/s]

Va = 0.01729 [mys] v =5 [gpm]



O. Expenses

Initial Amount
Total Purchased
Funds Remaining

$6,500.00
$5,108.56
$1,391.44

Item/ Part (Units)

| Quantity | Unit Cost | Purchase Total

Filtration Unit Expenses

10 micron filter bag |6 [ $3.33 | $19.98
Reactor Expenses

60 gallon tank 1 $1,850.00| $1,850.00
tank sealant 1 $10.75 $10.75
Fasteners agitator 1 $17.00 $17.00
Chenical and Analytical Expenses

Amberlyst (Ib) 1 $70.00 $70.00
55 gallon drum of methanol 1 $218.90 | $218.90
KOH (8 Ibs) 2 $19.00 | $38.00
Sulfuric Acid (1L) 2 $18.00 $36.00
Amberlyt (8 Ibs.) 1 $85.00 | $85.00
Phosphoric Acid (500 mL) 1 $24.60 $24.60
ASTMD664 PDF 1 $36.00 $36.00
ASTM D130 PDF 1 $36.00 $36.00
Aldrich Chemicals 1 $278.30 | $278.30
Gas can, antifreeze, and diesel | 1 $27.36 $27.36
Methanol Condenser Expenses

CO2 cylinders 1 $10.60 $10.60
MeOH Condenser Fittings 1 $141.89 | $141.89
MeOH Condeser Fittings 1 $39.67 $39.67
Pitsch, H&R (MeOH Coi

supplies) 1 $137.86 | $137.86
Controls System Expenses

Fuji Controller 1 $139.00 | $139.00
Omega Controller 1 $99.00 $99.00
Solid State Relay 1 $43.71 $43.71
Solid State Relay 1 $42.24 $42.24
Heat sirk 2 $12.57 $25.14
Timers 3 $24.65 $73.95
Lowes controls purchases 1 $35.39 $35.39
Solid State Relay 1 $43.56 $43.56
Mechanical Relay 1 $24.14 $24.14
220V Electrical Connections 1 $259.18 | $259.18
relays & misc 1 $269.34 | $269.34
Lowes wiring equip 1 $33.14 $33.14




General Expenses

Pipe fittings

Seal

gaskets, sealants

pipe fittings- lowes
Wire Cloth

Water Heater Element
Aluminum Paint

55-gal steel drums
55-gallon polymer drum
Lowes, Godwin, Grainger
Lowes piping equip
Pump

10" pipe

PRRPRPRRPRORNRRRRR

$374.18
$21.49
$70.00
$5.52
$23.57
$9.52
$26.47
$25.00
$20.00
$81.82
$123.40
$72.37
$30.00

$374.18
$21.49
$70.00
$5.52
$23.57
$19.04
$26.47
$75.00
$20.00
$81.82
$123.40
$72.37
$30.00




P. ASTM Standardsand Testing
(Specification for Biodiesel 2007)

SPECIFICATION FOR
Q\Q@HE@E& BIODIESEL (B100) — ASTM Dé751-07b

March 2007

Biodiesel is defined as the mono alkyl esters of long chain fatty acids derived from vegetable oils or animal fats,
for use in compression-ignition (diesel) engines. This specification is for pure (100%) biodiesel prior o use or
blending with diesel fuel. #

Property ASTM Method Limits Units
Calcium & Magnesium, combined EN 14538 5 max ppm (ug/g)
Flash Point (closed cup) D93 93 min. Degrees C

Alcohol Control (One of the following must be met)

1. Methanol Content EN14110 0.2 Max % volume

2. Flash Point D93 130 Min Degrees C
Water & Sediment D 2709 0.05 max. % vol.
Kinematic Viscosity, 40 C D 445 1.9-6.0 mmZsec.
Sulfated Ash D874 0.02 max. % mass
Sulfur

S 15 Grade D 5453 0.0015 max. (15) % mass (ppm)
S 500 Grade D 5453 0.05 max. (500) % mass (ppm)
Copper Strip Corrosion D130 No. 3 max.

Cetane D613 47 min.

Cloud Point D 2500 Report Deqgrees C
Carbon Residue 100% sample D 4530* 0.05 max. % mass
Acid Number D 664 0.50 max. mg KOH/g
Free Glycerin D 6584 0.020 max. % mass
Total Glycerin D 6584 0.240 max. % mass
Phosphorus Content D 4951 0.001 max. % mass
Distillation, T90 AET D 1160 360 max. Degrees C
Sodium/Potassium, combined EN 14538 5 max ppm
Oxidation Stability EN 14112 3 min hours
Workmanship Free of undissolved water, sediment, & suspended matter

BOLD = BQ-9000 Critical Specification Testing Once Production Process Under Control

* The carbon residue shall be run on the 100% sample.



While the majority of the tests required by the ASTM D 6751 standard for biodiesel can only be
performed in an analytical lab with the required testing equipment, there were certain tests that were

repr2 RdzOA 6t S Ay /It @Ay [/ 2ttS3SQa FILOAtAGASA ¢AGK2dzi
GSaida o6SNBE O2yRdzOGSR o6& wAyy20lF Ay [l t@AyQa O YL
Test, Methanol Content, Water Content, Freeze Point, amdidCPoint. Most of these tests, unless

otherwise specified, are conducted with unblended biodiesel.

P.1Acid Number

Acid number is the amount of potassium hydroxide needed to neutralize a gram of chemical substance.

The ASTM requirement for biodiesel oytiE R 6& G(KS ! {¢a 5ccn GSad tAYAU
value of 0.50 mg KOH/g of sample. For this test, three samples were tested for acid nuargsnple

of biodiesel washed with Amberlite, a sample washed without amberlite, and a sample takerydirect

from a freshly synthesized transesterification product.

The test requires a special solvent made from toluene and isopropanol to be prepared for petroleum
products. An alcoholic KOH solution is also prepared to titrate the solution. A pH meter is then
calibrated with standards, with the millivolt potential reading recorded for each standard. This value

establishes the points from which an acid number can be calculated. The potential reading from the pH

11 standard gives the end point from which enbU¢OH is added to calculate an acid number.

For each sample, a mass of 20 g was added to 125 mL of solvent. The basic alcoholic solution was then
added in increments of 50 microliters until a stable potential beyond the range of the pH 11 potential
reading was reached. The acid number is then calculated by an equation specified by the ASTM D 664

TEST. FigurelPshows a sample potential graph used in this analysis.
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Electrode Potential vs. Basic Alcohol
Volume

-300 Ve
-200

Basic Alcohol Volume (0.1 M solution, mL added)

FigureP-1: Acid Number plot of Potential vs. Alcohol Volume for sample washed withbemite

For the samples used in this set of tests, it was found that none of the samples exhibited an acid number
higher than the limit set by the ASTM standards. However, the results have also conclusively shown that
acid number can be reduced by washargl even passing the sample through the Amberlite resin. Table

P-1 shows the acid number calculated for the three different samples of methyl esters.

TableP-1: Acid Number for various samples of Biodiesel

Sample Type Acid Number
Sample Washed with Areldite 0.164
Sample Washed without Amberlite 0.218
Transesterification Product 0.423

P.2Cetane Index

In the absence of the proper testing equipment needed for calculating a cetane number, a petroleum

LINE RdzOG Q& OSityS AyRSE Oley T Rdy IR (IKE [14yizo B (ILINBD B B
temperatures and other fluid properties. As biodiesel is a high boiling product, it cannot be distilled at
ambient pressures without cracking the fuel. Therefore, a vacuum distillation unit has to be ugedl to f

these boiling temperatures.

A vacuum pump in the DeVries Hall chemistry labs was used to draw a vacuum over the system. After a
pressure of less than a Torr had been applied on the system, the mixture was heated until fractions

began distilling fronthe pot. Tabldé>2 gives the data taken for a sample of biodiesel.
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TableP-2: Calculations for Cetane Index

Fraction T (at P=0.8 Torr) T (at Patm) TN
T10 170 378.3 163.3
T 50 168 373.5 113.5
T 90 165 370 60

Density at 15 C (kg/L) 0.87

DN 0.02
B -0.168
Cetane Index 59.91

This experiment has shown that the fuel has a cetane index of 59.91. The cetane number for the test
standard is given at a minimum of 47. If the cetane index value is a reliable gauge for ignition, this has

shownthat the fuel passes the test for cetane index.

P.3.Copper Corrosion Test

A sulfur content test is given in the ASTM D 6751 documents for finding the sulfur content in a fuel.
However, such testing methods require equipment and materials that are farxpersive for a single
analytical use. An alternative is to use a copper corrosion test to determine if the sulfur content in the

fuel is high enough that it would begin tarnishing a sample of copper.

In this test, a sample of copper is heated in a bathiodiesel for 3 hours at 3C. The copper is then
removed and washed with a hydrocarbon solvent specified by the ASTM D 130 test. The same samples
used for the acid number test were used in the copper strip corrosion test. All samples show minimal
tarnishing and meet the standard that the strips are not to exceed the No. 3 max threshold. Results are
tabulated inTable P3 below.

TableP-3: Copper Corrosion Test Results

Sample Type Copper Quality

Sample Washed with Amberlite No. 1 (minimal to no tarishing)
Sample Washed without Amberlite No. 1 (minimal to no tarnishing)
Transesterification Product No. 2 (slight color change)
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P.4Methanol and Water Content

The ASTM specify documents for testing for methanol and water content. A different alternats/e
dzZASR Ay wAyy20IQa (SadAy3a (2 FTAYR GKSasS oI fdsSa
the vacuum distillation unit and was allowed to come to pressures simulating an almost perfect vacuum.
However, before the boiling points found the cetane index test were reached, the vessel temperature
was allowed to come to the estimated boiling points of methanol and water at a pressure below a Torr
to determine if any fractions will distill off. A nitrogen trap was used to see if any waterethanol

had remained in the fuel. This test had shown that neither liquid remains in the mixture after the test

was completed.

P.5Freeze Point and Cloud Point

A freezing test was conducted on a series of biodiesel samples with volumetric incremégtsnited

with petrodiesel. This set of samples was placed in a freezer to determine the optimal blend for cold
temperatures. The sample with 30% and above by volume of petrodiesel had gelled. As expected from
literature values and professional recommendations) B20% biodiesel by volume) blends are still the

most appropriate for cold weather use.

For a cloud point test, a sample of pure biodiesel was kept in a clear glass tube with a thermometer at

the top. The sample was submerged in a cooling bath witliraatie and water and allowed to run
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Q. Design Norms

The goal of this project is to design and build a reactor that converts waste vegetable oibtebfdel
substitute which can be used in diesel vehicles. Therefore the quality of the fuel must meet ASTM
(American Society for Testing and Materials) fuel standéfde Biodiesel Standard (ASTM D 6751)
2007) This group doe not want the fuel to be hazardous to anyone and will ensure this by removing
any toxic substances during the production process. This group will see to it that waste products are

properly disposed.

As stewards of the earth, this group is responsibleuing its resources appropriately and caring for it

in general. By producing bitiesel, Rinnova is fulfilling the role as stewards. Instead of discarding waste
vegetable oil it will be made into fuel which is more environmentally friendly than phigsel
(Powering Oil Independence on Peanuts 208iy-diesel burns more cleanly and emits less @@ the

atmosphere over its lifecycle than petdiesel.

Rinnova wants to build a reactor that will be easy to operate antl dioas not pose any threat to the
operator. Safety will be the first priority at all stages of the project. Since the reactor will be used for
educational purposes, it is important to build it in such a way that the function of each component and

processstage will be readily apparent.



R. Photographs of the System
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